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In 1933 Wait and Roberts reviewed the nitrogen balance 
experiments which had been conducted on adolescent girls. 
They found very few balance studies on healthy girls from 
12 through 15 years of age. In a review of the literature since 
that time, only one study on one gir! in this range was found 
(Maroney and Johnston, ’37). Because of the dearth of in- 
formation concerning nitrogen retention at this age level, an 
iron balance study in this laboratory (Schlaphoff and John- 
ston, 49) was extended to include nitrogen. 


PROCEDURE 


The subjects were 6 girls between 13 and 14 years of age 
whose heights ranged from 151.6 to 169.1em (table 1) and 
whose weights ranged from 35.8 to 56.4kg at the beginning 
of the study. While all were in good health as judged by a 
physical examination, two were underweight by more than 
10% (table 1) as judged by the Baldwin-Wood table of av- 
erage weights. One was more than 10% above the average 
weight. 

The subjects were maintained for 9 weeks on a carefully 
controlled diet made up of a wide variety of common foods. 
In the original plan the 9 weeks were divided into an ad- 
justment period of one week and two experimental periods of 
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4 weeks each. The plan was changed because the caloric in- 
take of some of the subjects increased after two weeks. The 
first two weeks were considered as preliminary weeks and 
the first experimental period included only three weeks. The 
diet was planned to supply between 70 and 80 gm of protein 
during the preliminary period and the first experimental pe- 


TABLE 1 


The body size and menarcheal area of the 6 subjects 





WEIGHT GAIN SURFACE AREA * 








—_ auene waent ‘SevE ‘ounal, 
i a a 
cm kg % kg kg m2 m2 
H.V. 161.2 46.0 — 13.8 0.88 2.04 1.46 1.47 Late 
N.S. 155.0 56.4 + 17.1 0.72 0.91 1.55 1.55 Middle 
P.A, 160.6 50.3 — 48 0.34 1.48 1.52 1.53 Early 
J.D. 154.4 49.5 + 3.9 0.88 4.88 1.47 1.50 Late 
M.K. 151.6 35.8 — 20.7 0.72 2.04 1.26 1.28 Middle 
N.M. 169.1 55.3 — 6.3 0.72 2.27 1.64 1.65 Middle 

Mean 158.6 48.9 0.71 2.27 1.48 1.50 





*The percentages were calculated from the weight and height at the beginning 
of the experiment and with the use of the Baldwin-Wood tables as a source of 
values for average weight for age and height. 

* Predicted weight gains for 9 weeks were calculated from yearly weight gains 
reported by Simmons and Greulich (43). 


* The surface area was calculated from the height and weight at the middle of 
each period. The formula, Ssq.m = wtwe xX nt. °-795 x 71.84, of Dubois and 
Dubois (’16) was used. 


*See footnotes to table 5 for the age range for each area. 


riod. During the second period the protein content of the diet 
was raised; this rise was incidental to an increased iron in- 
take. Although the serving size of all high-iron foods was 
increased, the added protein came largely from meat and 
eggs. During the entire study bread, cookies, jelly, butter, 
sugar, lemonade and candy made with water were allowed 
ad libitum; the only ones of these which contributed a sig- 
nificant amount of protein were the bread and cookies. 
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The amount of protein from animal sources was generous. 
Every meal contained 182 gm of milk for drinking. In ad- 
dition the diet contained milk used in cooking, ice cream, 
cheese, 64 eggs per week and an average of 75 gm per day 
of cooked meat from which all visible fat had been removed. 
In the second period approximately one and one-half eggs 
per week and 30 gm of meat per day were added. 

At the end of the first two weeks, when the subjects were 
found to be gaining little or no weight, a mid-afternoon lunch 
made up of the foods allowed ad libitum was offered and 
the three tallest girls urged to eat some of it. The amount 
of food in the basal diet was not increased because the smallest 
subject was having difficulty in consuming that much food. 

Aliquot portions equal to one-fifth of the serving weight 
of the foods were composited weekly by two people working 
independently. These were mixed in a mechanical blender, 
treated with concentrated HCl, heated ard bottled. Weekly 
composites of stools and urine were made and concentrated 
HCl was added to aliquot portions. No heat treatment was 
given to the urine samples. The nitrogen content of the foods 
and excreta was determined using the Hengar semi-micro 
Kjeldahl apparatus, The distillation tubes were equipped with 
jackets to hold ice-water to cool the distillate and so prevent 
loss of ammonia. 

The energy content of the diet was estimated by weighing 
each food and calculating the caloric value from energy val- 
ues given by the Bureau of Human Nutrition and Home Eco- 
nomics of the U. S. Department of Agriculture (’50). 


RESULTS 


In order to compare the intake and retention of nitrogen 
by girls of different size, the data had to be reduced to some 
unit of body size. Recent work (Terroine and Sorg-Matter, 
28; Smuts, ’35; Brody, ’45; Hegsted et al., 46) has indicated 
that the amount of nitrogen which is retained is more closely 
related to surface area than to weight. The data collected 
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in this study were examined to decide whether for these sub- 
jects surface area was the better unit. The surface area of 
the subjects was calculated according to the formula of Du- 
bois and Dubois (’16) from the height and weight of each 
subject at the middle of each period (table 1). 

When the amount of nitrogen retained per kilogram of body 
weight was correlated with the intake per kilogram, the cor- 
relation coefficient was 0.76; when the amount of nitrogen 
retained per square meter of surface area was correlated 
with intake, the coefficient was 0.84. When Fisher’s ‘‘Z’’ 
test was applied, the difference between the two correlation 
coefficients was found to have no significance. However, this 
does not prove that the correlation using surface area was 
no better; it shows only that mathematical evidence was not 
present. Such evidence might have been found had more than 
12 pairs of values been available. Because of the likelihood 
that the surface area unit is better, it has been used for 
reporting the nitrogen intake and retention in table 3. Be- 
cause others who have worked with children have reported 
their results in body weight units, the mean values are re- 
ported in the text in both units, for purposes of comparison. 

The mean daily nitrogen intake for the 6 subjects was 
12.20 and 13.97 gm (table 2) for the first and second periods, 
respectively. The variation in intake from subject to sub- 
ject and for a given subject within a period was due to the 
amount of bread and cookies consumed in addition to the 
basal diet. The nitrogen content corresponded to a mean pro- 
tein intake of 76.2 gm (table 3) in the first period and 87.3 gm 
in the second. These amounts of protein are a little below 
and above the allowance of 80 gm recommended by the Food 
and Nutrition Board of the National Research Council (’48) 
for girls of this age. The mean daily intake of nitrogen during 
the first period was 8.24 gm per m? (table 3) or 0.26 gm per 
kilogram. During the second period the mean intake was 
9.34 gm per m?* or 0.28 gm per kilogram. Because the sub- 
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jects were widely different in size, the intake per square meter 
varied widely; e.g., in the first period from 7.21 to 8.81 gm 
per m?’. 

The mean daily amount of nitrogen retained by all the sub- 
jects in the first period was 1.42 gm (table 2) and during the 
second period was 2.17 gm. When reduced to units of body 
size, the mean daily retention was 0.97 gm per m? (table 3) 
or 29.9 mg per kilogram during the first period and 1.45 gm per 
m? or 43.7 mg per kilogram during the second period. This 


TABLE 3 


The mean daily protein and nitrogen intake and nitrogen retention of 6 subjects 
during two periods 














FIRST PERIOD SECOND PERIOD 

SUB- Intake Retention Intake Retention 
‘iss Total Nitrogen Nitrogen % of N Total Nitrogen Nitrogen % of N 

protein perm? perm? intake protein per m? per m? intake 

gm/day gm/day gm/day gm/day gm/day gm/day 
H.V. 74.6 8.18 0.83 10.1 84.8 9.22 1.20 13.0 
NS. 69.9 7.21 0.66 9.2 78.8 8.13 1.03 12.7 
P.A, 75.1 7.90 0.78 9.9 89.2 9.33 1.67 17.9 
J.D. 80.7 8.78 1.69 19.2 89.6 9.56 1.56 16.3 
M.K. 69.4 8.81 1.10 12.5 79.2 9.91 1.58 15.9 
N.M. 87.8 8.57 0.76 8.9 102.4 9.93 1.67 16.8 
Mean 76.2 8.24 0.97 11.6 87.3 9.34 1.45 15.4 





is an increase in the amount retained of approximately 53%, 
which is large following one of only 15% in the nitrogen intake 
and 6% in the caloric intake. The percentage of the intake of 
nitrogen retained rose from a mean of 11.6 in the first period 
to 15.4 (table 3) in-the second. 

The anticipated mean gain in weight for the 6 girls for 
the entire 9 weeks was 0.71 kg (table 1), according to Sim- 
mons and Greulich (’43). Each one of them gained more than 
twice that much, with the exception of subject N.S. who, con- 
scious of being slightly over-weight, held down her weight 
gain. This weight gain, however, was not evenly distributed 
between the two periods. During the first period on a mean 
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daily energy intake of 2,710 cal. (table 4) the subjects main- 
tained their weight but did not gain, with the exception of 
subjects J.D. and M.K., who gained at an average rate. Dur- 
ing the second period on a mean intake of 2,880 cal. the sub- 
jects gained weight at a faster-than-average rate. 

However, much confidence cannot be placed in the break- 
down of the 7-week period into three- and 4-week periods, as 
those periods are too short to serve as reliable indices of small 
changes in weight. 


DISCUSSION 


The amount of nitrogen which girls of this age need to re- 
tain for good health and normal growth is not known. They 
need to retain enough for tissue increase and also enough to 
cover the nitrogen lost from the body which is not measured 
in the usual balance experiment. 

The amount of nitrogen needed for tissue increase may be 
estimated from the nitrogen content of the body and the 
amount of weight gained by girls who are growing at a nor- 
mal rate. Simmons and Greulich (’43), who studied the growth 
of a group of 200 adolescent girls, reported the yearly growth 
for girls with early, medium and late menarche. The yearly 
weight gains reported by them have been used to calculate 
daily weight gains. Rubner (’08) has estimated that 33 gm 
of body weight contain 1 gm of nitrogen. Using his estimate 
of the nitrogen content of the body, the amount of nitrogen 
which must be retained daily to build the tissue synthesized 
in growth has been calculated. The resulting values (table 5) 
should be regarded as approximations only, because the tis- 
sue added during growth by adolescent girls may not contain 
the same proportion of nitrogen as the amount estimated by 
Rubner for the composition of the entire body. No cognizance 
of seasonal variation in weight gain has been taken in making 
the estimate. 

In the present study, as in the usual balance experiment, 
the only losses of nitrogen which were measured were those 
in the feces and urine. No measurement was made of the ni- 
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trogen losses in the following: hair, skin cells, nails, dermal 
excretions, nasal excretions, tears, saliva and menses. The 
collection of urine was not absolutely complete, but the loss 
was within the range of experimental error. Each of these 
losses is small in itself but the aggregation of all is large 
enough to be important. Until some way is found of estimating 
the losses from these sources, nitrogen balance experiments 
must be regarded as incomplete. A method has been suggested 
by Mitchell (’49). 

In the first period of this study, on a mean intake of 76.2 gm 
of protein, subjects N.S. and H.V. were retaining less nitrogen 
than the other subjects in relation to their needs for growth. 
Possibly, until more is known about the unmeasured losses, the 
intake of adolescent girls should be high enough to permit 
a larger amount of nitrogen to be retained than was retained 
by those two girls. During the second period, on a mean 
intake of 87.3 gm of protein, the subjects were retaining an 
amount of nitrogen far beyond any estimated requirement. 
They were gaining weight at an accelerated rate. There is 
little doubt that an intake of 80 gm of protein, as recommended 
by the Food and Nutrition Board of the National Research 
Council (’48) for adolescent girls, would be sufficient for 
these girls provided the protein contained as good a mixture 
of amino acids as was used in the diet employed in this 
experiment and the caloric intake was high enough for an 
average weight gain. 

Probably most of these subjects had passed the age of 
greatest nitrogen requirement, since they had all passed the 
menarche. According to Simmons and Greulich (’43; table 5) 
most girls grow at an accelerated rate for a period of several 
months before that time. Johnston (’40) found in a balance 
study on three adolescent girls 9, 10 and 11 years of age that 
the amount of nitrogen retained before the menarche was 
greater than that retained after it. 

An effect of energy intake on nitrogen retention is suggested 
by the results of this experiment. During the second week, 
when the subjects were consuming less food than later, the 
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retention of nitrogen was less than during the following weeks. 
The large increase in the amount of nitrogen retained when 
the intake of protein and of energy was raised at the end 
of 5 weeks may have been due in part to the increase in 
caloric intake. The mean increase in the energy value of 
the diet was 170 cal. (table 4) or 6%. Hubbell and Koehne 
(34) found no increase in the amount of nitrogen retained 
by girls 7 to 11 years of age following a 6% increase in cal- 
ories due to the addition of sugar to the diet. Some of their 
subjects retained more nitrogen after an increase of 16 to 


TABLE 4 


Mean daily caloric intake of 6 subjects during two periods 





CALORIC INTAKE 














a First period Second period 
~ Total Per m? Total Per m? 4 
Cal./day Cal./day Cal./day Cal./day 
H.V. 2,660 1,822 2,790 1,898 
N.S. 2,350 1,516 2,460 1,587 
P.A. 2,620 1,724 2,910 1,902 
J.D. 2,940 2,000 3,070 2,047 
MK. 2,400 1,905 2,550 1,992 
N.M. 3,280 2,000 3,480 2,109 
Mean 2,710 1,828 2,880 1,920 
N.R.C. 
allowance 2,600 2,600 





18% in the energy intake. An increase in caloric intake has 
been found by several other workers to increase nitrogen re- 
tention. Recently Patwardhan et al. (’49) found that two men 
on a diet adequate in energy content for weight maintenance 
retained about 4 to 1 gm more nitrogen per day when 500 non- 
protein calories were added to the diet. 

During the first period subject J.D. retained much more ni- 
trogen than any other subject. This was probably not due to 
poor stores because there was no decrease during 4 weeks in the 
amount of nitrogen she retained and her diet history did 
not indicate a diet low in protein. Unlike the other subjects, 
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the amount she retained increased very little when her in- 
take increased. It was probably because she had good stores 
of nitrogen and because her caloric intake (table 3) was high 
in the first period. Bosshardt et al. (’46) have shown that 
rats and mice retain more nitrogen when the energy value 
of the diet is increased but that there is a maximum value 
beyond which an increase in energy intake fails to improve 
nitrogen retention. 


TABLE 5 


An estimation of the amount of nitrogen which needs to be retained by 
adolescent girls for growth * 

















MENARCHE 
Early 2 Middle * Late * 
_ Daily Estimated Daily Estimated Daily Estimated 
weight daily N weight daily N weight daily N 

gains accretion gains accretion gains accretion 
yrs. gm gm gm gm gm gm 
ll 19.29 0.58 16.82 0.51 10.57 0.32 
12 10.22 0.31 15.07 0.46 15.07 0.46 
13 5.48 0.17 11.45 0.35 13.94 0.42 
14 4.11 0.13 5.48 0.17 9.34 0.28 





The daily weight gains were calculated from yearly weight gains reported by 
Simmons and Greulich (’43). 

* Menarche at 10 yr. to 11 yr. 11 mo. 

* Menarche at 12 yr. to 12 yr. 11 mo. 

* Menarche at 13 yr. to 15 yr. 5 mo. 


Possibly all the subjects except J.D. would have retained 
more nitrogen in the first period if the diet had contained 
more calories. On the other hand, all subjects might have re- 
tained less nitrogen in the second period had their caloric 
intake been a little less and more nearly that required for 
a slower and more nearly normal weight gain. 

This study was conducted during July and August, when 
the temperature was often high. Although the subjects re- 
duced their activity on the hottest days, they lost some per- 
spiration. A number of investigators have found that per- 
spiration contains nitrogen. The nitrogen retention values in 
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this study are correct only for non-perspiring conditions, pro- 
vided an increase in the nitrogen loss in perspiration does 
not alter the amount lost in the urine. No change in the urinary 
excretion of nitrogen in adult man was found by Mitchell and 
Hamilton (’49) when conditions were such as to induce a 
flow of perspiration. 


SUMMARY 


Six girls between 13 and 14 years of age lived on a con- 
trolled diet for 9 weeks. The first two weeks comprised a pre- 
liminary period. During the first experimental period of three 
weeks the mean daily intake of nitrogen was 12.20 gm, cor- 
responding to 76.2gm of protein. The mean daily amount 
of nitrogen retained from the diet by the 6 subjects was 
1.42 gm, or 0.97 gm per m?, or 29.9 mg per kilogram. During 
the second experimental period of 4 weeks the mean daily 
intake was raised to 13.97 gm, corresponding to 87.3 gm of 
protein. On this diet the mean daily amount of nitrogen re- 
tained was 2.17 gm, or 1.45gm per m’, or 43.7 mg per kilo- 
gram. 

An estimate was made of the amount of nitrogen which 
needs to be retained for the requirements of growth at this 
age. The absence of information regarding the amount of 
nitrogen needed to replace the losses in hair and nasal ex- 
cretions, and other losses not usually measured in balance ex- 
periments, made an assessment of the exact amount of ni- 
trogen required by the subjects impossible. The mean intake 
of 76.2 gm of protein per day was probably adequate for these 
subjects. The intake of 87.3 gm of protein was undoubtedly 
more than adequate. 
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Although considerable work has been done on magnesium 
metabolism in lower animals, studies on human subjects have 
been far more limited in number. The excellent reviews by 
Duckworth and Warnock (’42—’43), and Stearns (’50) giv 
résumés of the present status of our knowledge in this field. 


PROCEDURE 


The subjects of the experiment were 9 healthy college 
women ranging in age from 20 to 30 years. These subjects 
were participating in a calcium and phosphorus metabolism 
study, details of which are given in an earlier paper (Leich- 
senring et al., ’51). A brief outline of the experiment is as 
follows: For a period of 4 weeks, the subjects were main- 
tained on a basal diet which supplied approximately 260 mg 
magnesium, 300mg calcium, and 800mg phosphorus. This 
was followed by a second 4-week period during which three of 
the subjects were continued on the basal diet; three were 
given a supplement of 1,200 mg calcium ;* and the remaining 

*Paper 2680, Scientifie Journal Series, Minnesota Agricultural Experiment 


Station. 
* This supplement consisted of 4 caleium carbonate tablets, each of which con- 
tained 300 mg calcium. One tablet was given with breakfast, one with lunch, and 


two with dinner. 
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three a supplement of 1,200 mg calcium and 600 mg phos- 
phorus.*® 

The basal diet was planned on a 7-day basis and was re- 
peated for each of the 8 balance periods. Distilled water 
was used for food preparation and for drinking purposes and 
chemically pure sodium chloride as seasoning. The subjects 
were also requested to use this salt as a dentifrice, since 
many tooth pastes and powders contain appreciable amounts 
of calcium and magnesium. The basal diet, which was cal- 
culated to supply on the average 2,140 Cal. and 50 gm pro- 
tein, was planned to contribute adequate amounts of all es- 
sential nutrients with the exception of calcium and phos- 
phorus. Certain foods low in minerals were allowed ad lib- 
itum to those subjects whose energy requirement exceeded 
the caloric content of the basal diet. A record was kept of the 
amounts of these foods which were eaten, and the additional 
minerals were included in the computed intakes. 

Food composites for analysis were prepared at the time 
the foods were served to the subjects. Total urine and fecal 
collections were made for each subject; carmine was used as 
the fecal marker to separate the periods. 

Calcium was determined by the Stearns (’29) modification 
of the McCrudden method; phosphorus by the Fiske and 
Subbarow (’25) method; and magnesium in the foods and 
feces by the method of Kelley, Hunter and Sterges (’46) and 
in the urine by the method of Briggs (’22). Precipitation of 
the calcium from the ash solutions from the food and fecal 
specimens was carried out at approximately pH 5.0 to mini- 
mize co-precipitation of magnesium with the calcium (Peech, 
41). A large excess of ammonium oxalate was avoided, since 
Holth (’49) has shown that this interferes with the precipita- 
tion of magnesium by phosphate. Color readings were made 


* This supplement consisted of two calcium carbonate tablets and 4 of dibasic 
calcium phosphate and dibasic sodium phosphate. Each of the latter supplied 
150 mg calcium and 150mg phosphorus. One-half of a calcium carbonate tablet 
and one phosphate tablet were given with breakfast and with lunch. The re- 
mainder were given with dinner. 
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in a Coleman spectrophotometer, and the values were com- 
puted from curves prepared from standard solutions. 

No magnesium determinations were made on the samples 
from week 1, which served as the adjustment period, or on 
those from week 8. The latter were omitted since, from a 
statistical analysis of the calcium data, it was demonstrated 
that a three-week experimental period following the adjust- 
ment period was unnecessarily long and that a shorter period 
gave equally valid results. 


RESULTS AND DISCUSSION 


The experimental data are presented in table 1. During 
the first 4 weeks of the experiment, when all of the subjects 
were on the basal diet, the mean daily intake of magnesium 
was 261 mg, an amount which is well above the 220 mg sug- 
gested by Duckworth and Warnock as the requirement for 
women. Tibbetts and Aub (’37) noted that on intakes of 
300 mg daily, medical students regularly showed magnesium 
retentions. In studies on subjects in health and disease, these 
authors noted that, on daily intakes of 300 and 220mg, 
urinary excretion amounted to about one-third and fecal ex- 
cretion to two-thirds of the total amount excreted. For the 
subjects in the present experiment, during weeks 2, 3, and 4, 
the mean daily fecal excretion of magnesium was 153.5 mg 
with a standard error of 3.8 mg, and the urinary excretion, 
96.2 mg with a standard error of 3.22 mg, constituting 61.5 
and 38.5%, respectively. These percentages would seem to 
be in reasonable agreement with those of Tibbetts and Aub. 

Although the subjects were on an essentially constant mag- 
nesium intake, there was considerable difference between 
subjects in the fecal excretion of magnesium. When tested 
statistically, using analysis of variance as the criterion, these 
differences were found to be highly significant. Differences 
in retention between subjects were also highly significant. 
Although both positive and negative balances were observed, 
on the average the subjects retained 11.6 mg with a stand- 
ard error of 2.9mg of magnesium daily. Since the subjects 








TABLE 1 


Effect of calcium and phosphorus intake levels on magnesium metabolism 
in college women 





MAGNESIUM 




















GROUP DIET SUBJECT WEEK Excretio 
Intake ——— ——— Balance 
Fecal Urinary 
mg mg mg mg 
I Basal M-1 2 263 142 95 26 
3 264 187 102 — 25 
4 262 160 93 8 
5 274 161 108 4 
6 280 137 96 48 
7 294 206 95 — 6 
Basal M-2 2 263 148 91 23 
3 262 135 108 19 
4 261 131 99 31 
5 274 223 104 — 53 
6 280 126 100 54 
7 294 138 106 50 
Basal M-3 2 261 170 86 5 
3 264 149 95 19 
4 261 164 102 —5 
5 273 160 97 15 
6 278 174 111 —6 
7 294 202 106 —14 
II Basal M-4 2 263 172 82 8 
3 264 174 77 13 
4 262 152 93 17 
Basal + 1.2 gm Ca 5 274 160 111 2 
6 280 167 111 2 
7 294 178 99 17 
Basal M-5 2 259 155 91 13 
3 260 165 80 16 
+ 258 162 84 12 
Basal + 1.2 gm Ca 5 270 156 97 16 
6 277 160 111 6 
7 290 168 97 25 
Basal M-6 2 259 157 85 17 
3 260 145 96 19 
4 258 151 77 30 
Basal + 1.2 gm Ca 5 270 152 105 13 
6 277 146 118 13 
7 290 152 103 35 
III Basal M-7 2 260 164 77 18 
3 260 150 82 28 
4 258 153 85 20 
Basal + 1.2 gm Ca 5 270 147 98 25 
and 0.6 gm P 6 277 136 84 56 
7 290 120 85 85 
Basal M-8 2 263 120 136 7 
3 263 116 134 14 
4 262 106 137 18 
Basal + 1.2 gm Ca 5 274 119 156 —l 
and 0.6 gm P 6 280 114 151 15 
7 294 151 138 5 
Basal M-9 2 263 186 92 — 16 
3 264 144 109 11 
4 262 187 108 — 33 
Basal + 1.2 gm Ca 5 274 152 120 2 
and 0.6 gm P 6 280 160 106 13 
7 294 165 100 29 
480 
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at this time were in most instances in negative calcium bal- 
ance, it is possible that a part of the retained magnesium 
replaced the lost bone calcium. Duckworth and Warnock 
have suggested, as an explanation for the apparent retention 
of magnesium by adult subjects, that appreciable amounts of 
this mineral may be lost in perspiration. In the present 
study, which was carried out in Minnesota during the winter 
months (January 7 to March 11), such losses may be as- 
sumed to have been minimum. 

De and Basu (’49), working with human subjects, found 
that ingestion of large doses of either calcium, magnesium, 
phosphorus, iron, copper, or manganese increased the elmina- 
tion of the others through the feces and that, when massive 
doses of one mineral were ingested with a low-mineral diet, 
the body lost through the intestines much of its reserves of 
the other minerals. Tufts and Greenberg (’38) observed 
that, in magnesium-deficient rats, an increase in the calcium 
content of the diet increased the severity of magnesium de- 
ficiency and raised the amount required in the diet to meet 
the needs of the animal. Since in the second 4-week period of 
the present study, the basal diet was supplemented with 
1,200 mg calcium for three of the subjects, and with 1,200 mg 
calcium and 600mg phosphorus for another three subjects, 
this gave an opportunity of investigating whether increases 
of this magnitude in calcium and phosphorus intake influence 
magnesium metabolism. 

As a means of investigating possible interrelationships 
among these three minerals, coefficients of correlation of the 
zero and first order were computed, using the data on the 
calcium, phosphorus, and magnesium contents of the feces of 
the 6 subjects. The zero order correlation indicated a highly 
significant relationship between fecal calcium and phos- 
phorus (r = 0.8744), and this association was increased some- 
what when the intereffect of the magnesium was removed 
(r= 0.9265). Using R* X 100 as the criterion, it would ap- 
pear that 86% of the variation in the fecal excretion of cal- 
cium was due to the variation in the phosphorus. On the 
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other hand, there was no correlation between the magnesium 
content of the feces and either the calcium or the phosphorus 
content. Unlike calcium, magnesium excretion in the feces is 
apparently not influenced by the amount of phosphorus 
present. 

The zero and first order correlation coefficients between 
calcium, phosphorus, and magnesium retentions were also 
computed. Among the zero order correlations there were 
two that were statistically significant; i.e., those for cal- 
cium and phosphorus (r= 0.6924) and for calcium and 
magnesium (r=0.3884). The coefficient of correlation 
between magnesium and phosphorus just failed of sig- 
nificance at the 5% level (r=0.3057). With constant 
magnesium retention, the association between calcium and 
phosphorus was reduced slightly (r— 0.6539). This would 
indicate that about 43% of the variation in calcium retention 
resulted from its interaction with phosphorus. Some of the 
apparent association between calcium and magnesium was 
also lost when the intereffect of phosphorus was removed 
(r = 0.2572), indicating that about 7% of the variation in 
magnesium retention resulted from its association with cal- 
cium. There was no evidence of association between mag- 
nesium and phosphorus retention with constant calcium re- 
tention. These findings on adults are in accord with those of 
Shukers, Knott and Schlutz (’41) on infants. These authors 
noted no definite relationship between magnesium and cal- 
cium retention or between magnesium and phosphorus re- 
tention. However, they observed a slight tendency for the 
retention of calcium and magnesium to vary in the same 
direction. 

The comparable statistics based on the urinary excretion 
of these minerals showed that, among the zero order corre- 
lations, a negative association between calcium and phos- 
phorus was the only one which was significant (r = — 0.3528). 
With constant magnesium excretion the correlation coefficient 
increased slightly, to — 0.3818, indicating that approximately 
15% of the variation in the urinary excretion of calcium was 
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due to the variation in phosphorus. This negative correlation 
between calcium and phosphorus would seem to result from 
the greater loss of calcium in the feces when the phosphorus 
intake was increased. There was no evidence from the partial 
correlations of any association between the urinary excretion 
of calcium and magnesium, or magnesium and phosphorus. 

Tibbetts and Aub (’37) observed that increasing the phos- 
phorus intake increased magnesium excretion in the urine, 
and suggested that intracellular magnesium can be used for 
neutralizing excess acid in the urine. They also found that 
increasing the magnesium intake increased the elimination 
of calcium. Since in the present study the calcium and phos- 
phorus intakes were varied and the magnesium intake held 
relatively constant, to test whether or not changes in dietary 
calcium and phosphorus were associated with variations in 
the urinary excretion of magnesium, coefficients of correlation 
were computed between the intakes of these minerals and 
the urinary excretion. The correlation coefficients between 
calcium intake and urinary excretion of magnesium (r= 
0.3484) and between phosphorus intake and urinary excretion 
of magnesium (r= 0.3535) were significant at the 5% level, 
and are suggestive of metabolic interrelationships existing 
between these elements. 


SUMMARY 


Nine healthy college women served as subjects for a mineral 
metabolism study. During the first 4 weeks all subjects 
were maintained on a basal diet which supplied approximately 
260 mg magnesium, 300 mg calcium, and 800 mg phosphorus. 
This was followed by a second 4-week period during which 
three of the subjects were continued on the basal diet, three 
were given a supplement of 1,200 mg calcium, and the remain- 
ing three supplements of 1,200 mg calcium and 600 mg phos- 
phorus. 

During weeks 2, 3, and 4, the mean daily fecal excretion of 
magnesium was 153.5 mg with a standard error of 3.8 mg, the 
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urinary excretion was 96.2 mg with a standard error of 3.2 mg, 
and the retention was 11.6 mg with a standard error of 2.9 mg. 
Statistically significant differences between subjects were ob- 
served in each instance. 

Using partial correlations as criteria, a significant relation- 
ship was observed between fecal calcium and phosphorus, 
but not between magnesium and either of these elements. 

When the same statistical technique was applied to the re- 
tention data, there was no evidence of association between 
calcium and magnesium or between phosphorus and mag- 
nesium, although a highly significant association between 
calcium and phosphorus retention was observed. 

Urinary excretion of magnesium was significantly corre- 
lated with the intake levels of both calcium and phosphorus. 
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Numerous investigations have established the fact that the 
daily oral or parenteral administration of a small amount of 
cobalt will produce a striking polycythemia in a number of 
species of animals. Thus far the mechanism involved in the 
stimulation of hemopoiesis is unknown. There does not ap- 
pear to be a ‘‘passive accumulation’’ of erythrocytes (Orten, 
36), nor does cobalt affect the nature of hemoglobin or its 
oxygen-carrying capacity (Bucciero and Orten, °49). Cobalt 
may increase the utilization of iron (Wintrobe et al., ’47) ; how- 
ever, current work (Berlin et al., 51) employing radioactive 
iron does not support this suggestion. There is some evidence 
that cobalt may block sulfhydryl groups of enzymes active in 
cellular respiration (Burk et al., ’46; Michaelis, °47; Orten 
and Bucciero, 48) and thus produce a compensatory poly- 
cythemia. However, neither cytochrome (Levey, ’50) nor as- 
corbic acid (Levey, ’49), also alleged to be involved in cellular 
respiration, appears to be involved in the polyeythemic action 
of cobalt, at least in the rat. 

Another way in which cobalt might conceivably produce a 
polycythemia is by increasing the formation of vitamin B,», 
a cobalt-containing substance now known to exert a profound 
effect on hemopoiesis. The present investigation was there- 
fore designed to obtain information on this point by com- 
paring the hemopoietic effect of the daily parenteral 
administration of relatively large amounts of vitamin B,. 
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with that obtained from cobalt alone. For additional evidence, 
the vitamin B,. contents of the feces and of the liver of the 
vitamin B,.- and the cobalt-treated groups of rats were also 
determined. 

EXPERIMENTAL 


Young adult, male albino rats of the Sprague-Dawley strain 
weighing between 150 to 210 gm were used. They were fed 
a commercial dog pellet ration and were housed individually 
in the usual screen mesh cages. Three groups were studied: 
(1) untreated controls, 6 rats; (2) cobalt-injected, 11 rats; and 
(3) vitamin B,,-injected, 11 rats. Both the cobalt and vita- 
min B,,. solutions were administered subcutaneously for 5 
days a week, with double dosages on Mondays and Fridays. 
Cobalt was given at a level of 0.5 mg cobalt per day as re- 
peatedly crystallized cobaltous sulfate (COSO, -5H.O) in a 
1.0% aqueous solution. Vitamin B,, was administered at a 
dosage level of 3ug per rat per day for 6 weeks and then 
the dosage was increased to 10 yg per day for the last two 
weeks of the study. A sterile saline solution of crystalline 
vitamin B,,. containing 10 yg per milliliter was used.' 

The hemoglobin levels of the blood of the various groups of 
animals were determined biweekly during the 8-week period 
of observation by an acid-hematin procedure, calibrated by 
the oxygen-capacity method. Body weights were followed 
weekly. During the final three days of the study all feces 
were collected and were pooled groupwise for vitamin B,, 
assay ? by the method of Skeggs, Huff, Wright and Bosshardt 
(48). Three separate determinations were run on each pooled 
sample. The samples were stored at — 15°C. until the assays 
were run. At autopsy, the livers were removed, weighed, im- 
mediately frozen in dry ice and stored frozen until the 
vitamin B,. assays were made. 


* Appreciation is expressed to Dr. R. A. Peterman of Merck and Company, Rah- 


way, New Jersey, for a generous supply of ampoules of ‘‘Cobione.’’ 
* We wish to thank Dr. O. D. Bird of the Research Laboratory, Parke, Davis and 
Company, for determining the vitamin B,, content of the samples of feces and 


liver. 
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RESULTS 


The average hemoglobin values obtained for the various 
groups of animals, together with the standard deviations, are 
given in table 1. It is evident that whereas the rats injected 
with cobalt developed the expected characteristic polycythe- 
mia, as manifested by a marked progressive increase in the 
hemoglobin concentration of the blood, the animals to whom 
vitamin B,. was administered showed little or no evidence of 
increased hemopoiesis. The hemoglobin content of their blood 
was slightly greater at each biweekly period than that of the 
untreated controls, which perhaps might be expected because 


TABLE 1 


Hemoglobin values for control and cobalt- and vitamin B,,-injected rats 





NUMBER HEMOGLOBIN — GM PER 100 ML 








cueur AA ‘ . Weeks of » soiemeen . 
Untreated 

controls 6 116+03'129+03 140+01 144+0.1 14.7+03 
Cobalt- 

injected 11 12.2+04 149+03 1692+02 184+0.2 204+0.5 
Vitamin B,,- 

injected 1l 13.0+03 136+03 146+04 145+02 153+0.3 





* Standard deviation Vv we ‘ 
of the added supply of vitamin B,. to supplement possible 
suboptimum amounts in the stock ration, but in no way ap- 
proached that of the cobalt-injected group. 

The data obtained from the assays of the pooled samples 
of liver and feces for vitamin B,, are given in table 2. It is 
evident that the livers of the vitamin B,.-injected animals 
contained somewhat more vitamin B,, than those of ,either 
the untreated or cobalt-injected groups, as might be ex- 
pected. The livers of the cobalt-injected rats, indeed, ap- 
peared to contain even less vitamin B,,. than those of the 
untreated control group. The differences among the three 
groups were somewhat more pronounced when the average 
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weights of the livers were taken into account and the aver- 
age total hepatic vitamin B,,. content was calculated. The 
total liver content of vitamin B,, for the three groups 
was 1.23, 0.878, and 1.66 yg for the untreated, cobalt- and vita- 
min B,,-injected groups, respectively. 

The vitamin B,, content of the feces of the three groups is 
of interest. It is evident from the data in table 2 that the 
vitamin B,, content of the feces ofthe cobalt-injected group 
was greatest, whereas that of the vitamin B,.-injected group 
was least. It was not possible to calculate whether or not these 
differences were statistically significant, since the determina- 
tions were made on pooled samples; however, the range of 
the individual assays for each group showed no overlapping. 


TABLE 2 


Vitamin B,, content of the pooled livers and feces of the various groups of animals 





VITAMIN Byg CONTENT — “4G PER GM 

















GROUP Liver Feces 
Ave. Range Ave. Range my 
Untreated controls 0.121 0.116—0.126 3.3 2 - 
Cobalt-injected 0.113 0.107-—0.120 5.2 5.12-5.2 
Vitamin B,,-injected 0.155 0.144-0.162 1.65 1.54-1.80 
DISCUSSION 


The present data thus indicate that the daily administration 
of relatively large doses of vitamin B,, to the rat does not 
produce a polycythemia, as does cobalt under similar condi- 
tions. It is possible, of course, that the dosage of vitamin 
B,. employed in the present investigation was too small to 
elicit a striking increase in erythropoiesis. However, it should 
be pointed out that the initial dosage used (3 ug per day) is 
the average therapeutic maintenance dose given to patients 
with pernicious anemia, an amount which should be several 
hundred times the daily requirement for the rat on a weight- 
to-weight basis. Furthermore, the increased daily dosage 
(10 ug) during the final two weeks would further exaggerate 
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the relative magnitude of the dose. If the dosage of vita- 
min B,. were increased mue, further than this, the cobalt 
content of vitamin B,. (4%) could conceivably itself then 
become a complicating factor in interpreting results. Any 
increase in hemopoiesis might then be attributable to cobalt 
per se. 

The data obtained from the assays for vitamin B,, in the 
livers of the three groups of rats likewise indicate that vita- 
min B,. does not play a causative role in the production of 
polycythemia by cobalt. Were this the case, one might logi- 
cally expect an increased or at least an equal amount of vita- 
min B,, in the livers of the cobalt-treated, polycythemic rats, 
rather than a smaller amount, as was found. The smaller 
amount of vitamin B,, in the livers of the cobalt-injected rats 
may also be interpreted in another way; that is, as indicating 
a greater utilization of the vitamin, thus decreasing its hepatic 
storage. Further studies will obviously be required in order 
to answer this question. 

The increased amount of vitamin B,, in the feces of the 
cobalt-injected rats is of considerable interest. Probably this 
is a reflection of an increased synthesis of vitamin B,, by 
the intestinal flora stimulated, in turn, by the excretion of 
some of the injected cobalt into the intestinal tract, probably 
by way of the bile. The fact that no more vitamin B,, appeared 
in the feces of the B,.-injected rats than in those of the con- 
trol animals may be taken as an indication that this vitamin 
is not excreted by way of the bile or the intestinal tract. 


SUMMARY 


The daily subeutaneous administration of vitamin B,, in 
a dosage of 3 ug per day for 6 weeks, then at a dosage of 10 pg 
per day for two weeks longer, did not produce a significant 
increase in hemopoiesis in the normal rat as measured by 
the concentration of hemoglobin in the blood. 

The daily parenteral administration of cobalt produced the 
characteristic polycythemia without increasing the vitamin 
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B,. content of the liver, although there was some increase 
in the vitamin B,, content of the feces. 

These results are interpreted as evidence that cobalt does 
not produce a polycythemia by way of the intermediary for- 
mation of vitamin By. 
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Recommendations as to desirable intakes of the B vitamins 
by the rat for satisfactory reproduction are incomplete, and 
in some instances they have been based upon very meager 
experimentation. Scrutiny of the literature regarding the 
formulation of partially synthetic rations being used in study- 
ing reproduction reveals as much as 10-fold variation in the 
quantity of certain vitamins fed. In some instances it appears 
that the diets provide a large and unnecessary excess of vita- 
mins, while other rations may contain suboptimum amounts. 
To date little attention has been given to the maternal stores 
of the vitamins during the reproductive cycle or to the pos- 
sibility that the mother may exhaust body stores to maintain 
the growth of the fetuses. Practically no emphasis has been 
given to the rapidly changing dietary requirements of the 

*Journal paper J-1985 of the Iowa Agricultural Experiment Station, Ames, 
project 1061. A preliminary report appears in the Proceedings of the Federation 
of American Societies for Experimental Biology, 9, no. 1, 1950. 
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mother rat during the final days of the gestation period, when 
fetal tissues are being synthesized most rapidly. 

It has been of interest, therefore, to explore the need for 
B vitamins by the pregnant rat by determining the rate of 
transfer of several factors from the maternal tissues to the 
developing rat fetuses in healthy stock animals with satis- 
factory reproductive histories. The plan also involves meas- 
urement of the stores of these vitamins in the pregnant ani- 
mal at frequent intervals during the gestation period so as 
to detect any changes in the vitamin concentrations in her 
tissues as the placental transfer is made. 


EXPERIMENTAL 


The stock animals raised in our laboratory upon a modified 
Steenbock diet have a history of satisfactory reproduction for 
many generations. Numerous records of these animals have 
shown that second litters include a slightly larger number 
of young with somewhat heavier birth weights than are 
typical of first litters. In the present investigation, therefore, 
the progressive transfer of vitamins to the fetuses has been 
determined during the second pregnancies of stock animals. 
Assays of the vitamin content of maternal tissues and of the 
uterus and its contents were made on the 6th, 10th, 11th, and 
12th days of pregnancy. From the 13th day to parturition 
the vitamin contents of the fetuses, the placentae, and the 
maternal liver and carcass were determined at one-day inter- 
vals. 

Approximately 80 weanling stock females of uniform weight 
were selected for the study, three animals being examined at 
each of the intervals indicated above. A female was retained 
in any experimental group only if she was found to be pro- 
ducing 9 or more young. These animals received the cus- 
tomary stock diet described in table 1. The females were 
mated when they were approximately 11 weeks of age. At 
parturition the first litters were weighed, general observa- 
tions of the young were recorded, and the young were sac- 
rificed. Only those females which had produced satisfactory 
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first litters were continued in the experiment. When the fe- 
males were again receptive to mating, as determined by daily 
examination of the cells of the vagina, a male was introduced 
into the cage. Examinations for positive matings were checked 
every 4 hours in order to secure accurate information on the 
time of initiation of pregnancy. A vaginal plug or the pres- 
ence of sperm was considered satisfactory evidence that the 
animals had mated. 


TABLE 1 


Composition of the stock diet * 








CONSTITUENTS AMOUNT 

gm 
Yellow cornmeal 56 
Linseed meal 16 
Casein 5 
Alfalfa meal 2 
CaCO, * 0.5 
NaCl 0.5 
Yeast 9.5 
Yeast (irradiated) 0.5 
Wheat germ 10 
Dried whole milk 33 
Supplements 


5 gm of raw beef 
10 gm of carrots 
50 mg of cod liver oil daily 


Each fed 3 times per week 





* Average concentration of thiamine in basal diet, 13.2 ug/gm. 
Average concentration of riboflavin in basal diet, 8.1 ug/gm. 
Approximate thiamine intake per day during pregnancy, 150-180 ug. 
Approximate riboflavin intake per day during pregnancy, 100-120 ug. 

* Trace elements added: KI, MnSO,, Al,K,(SO,),, CuSO,. 


At the intervals stated the pregnant females were sacri- 
ficed by injection of a lethal dose of nembutal. Immediately 
thereafter the liver was removed. It was weighed and thor- 
oughly disintegrated in a Waring Blendor. Hepatic tissue 
was diluted to a known weight (approximately 250 gm) and 
the resulting preparation was stored at —4°C. until the 
homogenate could be assayed for its vitamin content. The 
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uterus of the animal was removed next and the fetuses were 
examined, weighed, and prepared for analysis in a manner 
similar to that described for liver. Placental tissue was pre- 
pared in the same way. After the removal of the pelt, the 
carcass was ground in a meat grinder and, subsequently, 
more completely mixed in a Waring Blendor. A fraction 
of the diluted carcass was frozen for future assays. 

The present paper includes data on the progressive trans- 
fer of thiamine and riboflavin by the maternal organism to 
the developing rat fetuses and on the concentrations of both 
vitamins in maternal tissues throughout pregnancy. Panto- 
thenic acid and biotin values will be presented in a second 
publication (Lewis and Everson, ’52). 

Thiamine was determined as thiochrome following the rec- 
ommendations of Hennessy (42). Riboflavin was determined 
by the microbiological method described by Snell and 
Strong (’39). 


RESULTS 


The customary good reproductive performance of stock 
females observed in this laboratory in the past was exhibited 
by the group of experimental rats included in the present 
study. During first pregnancies the females averaged 8.5 
young with a mean birth weight of 4.9gm. In nearly every 
instance the newborn were active and appeared normal in all 
respects. 

The growth of placental and fetal tissues during second 
pregnancies is presented in figure 1. It will be noted that there 
was good agreement between weights of individual litters 
at any given interval of pregnancy. Prior to the 13th day, 
placental and fetal tissues were too small for satisfactory 

* Photographs of the fetuses taken at daily intervals from the 10th day of 
pregnancy to parturition and an account of the development of the rat fetus 
are available in the thesis, ‘‘Chemical Evidence of the Quantitative Thiamine 
and Riboflavin Requirements of the Rat during Pregnancy and the Develop- 


ment of the Fetus,’’ by Margaret L. Barrett, 1950, Iowa State College Library, 
Ames. 
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division and only a limited amount of material was available 
for assay. Thereafter, the placentae increased in size more 
rapidly, especially between the 14th and 16th days of preg- 
nancy. There was a gradual rise in the total weight of the 
placentae subsequent to the 16th day of pregnancy. The av- 
erage weight observed immediately preceding parturition 
was 7.4 gm. 
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Fig. 1 Growth of placental and fetal tissues per litter during the second 
reproductive cycle of stock rats. 


Fetal tissues were exceedingly small in mass even by the 
15th day of pregnancy. Thereafter they increased in weight 
rapidly. Maximum growth occurred during the final 4 days 
of the gestation period, when the average weight of the fet- 
uses increased from 13 to 55 gm per litter. 
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Deposition of thiamine in fetal, placental and 
maternal tissues 


Analyses of the maternal hepatic and carcass tissues re- 
vealed that the concentration of thiamine in the carcass was 
unaltered from the 6th day of pregnancy to term in these 
healthy stock females. Increased concentrations of thiamine 
were observed, however, in the livers of those females in the 
late stages of pregnancy when the most rapid growth of the 


TABLE 2 


Concentration of thiamine in fetal, placental and maternal tissues 














PERIOD OF CARCASS LIVER PLACENTAE FETUSES 
samen Pergm Total Pergm Total Per gm Total NO. Per gm Total 
days ug ug ug “g ug ug ug ug 

Fullterm 1.9 273 14.1 135 é 11 3.0 165.0 

21 1.9 268 13.8 128 3.5 26.4 10 3.2 158.2 
20 2.0 310 14.3 146 4 23.3 11 2.5 84.9 
19 2.0 299 13.5 128 2.7 17.4 10 2.0 36.7 
18 2.0 293 14.0 126 9 15.6 10 1.9 26.2 
17 2.0 308 12.6 118 2.7 12.8 19 1.8 12.6 
16 2.0 303 11.8 125 2.3 11.8 11 1.3 7.7 
15 1.9 262 10.6 105 2.3 8.3 11 1.9 5.3 
14 1.9 291 11.3 107 3.4 7 10 1.8 3.6 
13 2.2 338 11.1 110 2.3 4.8 11 1.5 1.9 
12 2.1 310 11.2 111 . 13 
11 2.2 325 11.1 108 12 
10 2.1 296 11.0 100 

6 2.2 304 10.8 91 





young occurred (table 2). Between 10 and 12 pg of thiamine 
per gram of fresh liver tissue were present in animals in 
early stages of the gestation period, while concentrations of 
approximately 14g or above were characteristic of the fe- 
males nearing term. 

The concentration of B, present in fresh placental tissue 
ranged from 2.3 to 3.5 ug per gram. This amount was some- 
what above that of the fetuses or of the maternal carcass at 
any given stage of pregnancy. However, due to the relatively 
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small weight of placental tissue formed, it was obvious that 
development of this structure did not materially influence the 
thiamine needs of the mother. 

Fetal growth during the first half of pregnancy like- 
wise did not significantly alter the thiamine requirement of 
the female. The total thiamine present per litter of young 
on the 15th day of pregnancy amounted to only 5.3 ug. How- 
ever, from the 18th day of pregnancy to parturition the depo- 
sition in the rapidly developing fetal tissue indicated a mark- 
edly increased need for dietary thiamine. 


TABLE 3 


Concentration of riboflavin in fetal, placental and maternal tissues 





PERIOD OF CARCASS LIVER PLACENTAE FETUSES 


PREG- — 
NANCY Pergm Total Per gm Total Per gm Total no. Pergm Total 








days ug ug ug ug ug ug ug ug 
Fullterm 2.6 371 23.3 222 ll 2.5 136 
21 2.7 390 27.8 246 1.4 10.7 10 2.2 108 
20 2.5 393 27.2 277 1.3 9.3 11 1.5 53 
19 2.6 383 28.9 279 1.3 8.2 10 1.4 25 
18 2.7 400 25.5 232 1.3 7.1 10 0.9 12 
17 2.6 381 27.7 258 1.3 6.1 10 0.9 10 
16 2.7 425 23.5 246 1.0 5.2 1l 0.5 3 
15 2.8 401 23.5 231 0.9 3.2 11 0.7 2 
14 2.7 394 24.6 231 1.5 2.9 10 0.7 1 
13 2.4 355 26.3 245 1.3 2.5 11 0.4 0.5 
12 2.7 407 26.8 265 ay 1 13 
11 2.8 412 24.2 236 ’ 13 
10 2.6 359 27.8 254 : 12 
6 2.6 350 27.5 232 





Deposition of riboflavin in fetal, placental 
and maternal tissues 


Similarly, data concerning the concentration of riboflavin 
in the various tissues at different stages of the reproductive 
cycle have provided a basis for judging the increased maternal 
need for dietary riboflavin at different intervals during preg- 
nancy (table 3). The quantity of riboflavin present in the 
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maternal carcass, approximately one-third more than that ob- 
served for thiamine, remained unchanged throughout the 
intervals of the gestation period studied. Hepatic tissue, 
which contained twice as much riboflavin as thiamine, was not 
altered in its concentration of riboflavin during pregnancy. 
There appeared to be no measurable depletion or storage of 
this factor in the stock animals regardless of the quantity 
of fetal tissue being synthesized. 

The amount of riboflavin present in placental tissue was 
small. As in the case of thiamine, development of the placentae 
did not indicate an appreciable increment in the vitamin needs 
of the female during reproduction. 

The occurrence of riboflavin in fetal tissue on the 13th day 
of pregnancy was as little as 0.4 ug per gram of fresh tissue. 
As pregnancy advanced, the rate of increase in the concentra- 
tion of this vitamin in the fetuses exceeded that of thiamine, 
although the total amount of riboflavin present per litter of 
young at term was slightly less than that for thiamine. The 
rate of transfer of riboflavin from the mother to the develop- 
ing young was sufficiently speeded up during the final days 
of pregnancy to impose a major increase in the vitamin needs 
of the mother at this time. It would appear, however, that 
prior to the last 6 days of pregnancy there was little need 
for riboflavin beyond that required by the physiologically fit 
non-pregnant rat. 


DISCUSSION 


The stock ration fed the experimental animals contained 
approximately 25 parts of protein and 18 parts of fat. These 
values are given since it is well known that the distribution 
of the calories of the ration influences the animal’s require- 
ment for certain B vitamins. Pregnant females allowed to 
eat this diet ad libitum usually ingested between 100 and 
120 pg of riboflavin and 150 and 180 yg of thiamine per day. 
There was a gradual increase in food consumption as preg- 
nancy advanced. The appearance of the vitamins in the urine 
in excretion studies conducted simultaneously indicated that 
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the animals had access to some surplus of both vitamins at 
all times during the reproductive cycle. Figures 2 and 3 give 
typical intake and excretion data for rats prior to pregnancy 
and throughout the gestation period. While the diet was 
found to provide some excess of both thiamine and riboflavin, 
it did not furnish massive intakes of either factor. These 
findings have led us to believe that the quantities of these 
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Fig. 2 Ingestion and urinary excretion of thiamine by stock animals. 








Time in Doys 
Fig. 3 Ingestion and urinary excretion of riboflavin by stock animals. 


vitamins being transferred to the developing young repre- 
sented amounts which were beneficial for the continued growth 
and well being of the litters, which were of normal size and 
number. On the basis of the consistently good reproductive 
performance of the stock colony animals, we have assumed 
that the ration provided nearly optimum amounts of all other 
nutrients essential for the growth of the fetuses. 
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Since the ration appeared adequate in both thiamine and 
riboflavin, it was to be expected that the carcass tissues of 
the females would show no evidence of depletion of these 
vitamins. It might have been assumed that hepatic stores 
of the two factors would be unaltered during pregnancy. The 
fact that a rather large number of the females in late stages 
of pregnancy exhibited increased hepatic stores of thiamine 
must indicate that there is some advantage in having more 
thiamine available when rapid growth of the fetuses occurs. 
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Fig. 4 Increased thiamine needs of the rat during the second reproductive 
eycle, based on tissue analyses. 


The data indicate that the thiamine needs of the female 
are increased during pregnancy by growth of the placentae, 
by growth of the fetuses and by increments in the maternal 
stores of this factor. 

If the quantity of thiamine present in all such tissues at 
a given day of pregnancy is compared with the amounts pres- 
ent one or two days later, the changing thiamine needs of the 
rat for the support of normal development of the young may 
be estimated. Such values are illustrated in figure 4. It is 
obvious that the thiamine requirement of the rat during 
pregnancy is not a stationary value. Prior to the 14th day 
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of pregnancy the amount of thiamine needed in addition to 
that required by the non-gravid rat is negligible. By the 16th 
day of the gestation period there is sufficient growth of the 
placentae and the fetuses, as well as an increased concentra- 
tion of this vitamin in the maternal liver, to create a measur- 
able increase in total thiamine needs. By the 18th day of 
pregnancy a larger proportion of the total requirement can 
be attributed to fetal growth. By the 20th day of the gestation 
period in the present experiments the requirement had in- 
creased more than 70yug above that of the non-pregnant 
animal. 


Feto! tieseve 
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Fig. 5 Increased riboflavin needs of the rat during the second reproductive 
cycle, based on tissue analyses. 


Variations of this magnitude in the thiamine needs of the 
rat make it obvious that the feeding practice of incorporating 
thiamine into rations during reproduction has in some in- 
stances been inadequate, while in others the amount added has 
been wasteful. 

Study of figure 5, which depicts the daily riboflavin needs 
of the female for satisfactory deposition of this vitamin in 
fetal and placental tissues, reveals a minor need for ribo- 
flavin prior to the 18th day of pregnancy above the quantity 
known to be optimum for the non-pregnant adult rat. Tissue 
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analyses indicated that significant amounts of riboflavin were 
needed by the 18th day of pregnancy and thereafter to term. 
The requirement on the 20th day of the gestation period was 
at least 28 ug above that of the non-pregnant animal. Within 
the next 24 hours, however, this need was increased to nearly 
60 ug due to the rapid growth of the fetuses. 

These values disclose the same trend in the requirement 
for riboflavin for reproduction as was noted for thiamine. 

It should be emphasized that the present study was con- 
ducted during the second reproductive cycle of healthy stock 
females, at a time when the tissue growth of the mother 
had apparently reached a maximum. Many observations of 
younger animals undergoing first pregnancies have made us 
aware that total vitamin requirements are greater during first 
pregnancies because of a dual need. There is considerable 
growth of these younger females, and development of placental 
and fetal tissues may be equal to that produced by older 
animals. 


SUMMARY 


The transfer of thiamine and riboflavin from the mother 
to developing rat fetuses has been determined at several in- 
tervals during second pregnancies of healthy stock animals 
as a means of gaining information on the increased vitamin 
needs of the rat for reproduction. The occurrence of thiamine 
and riboflavin in placental tissue and the maintenance of 
maternal stores of these vitamins have also been investigated. 

Placental tissue contains small amounts of riboflavin and 
thiamine. This low concentration, plus the fact that there is 
only a small mass of such tissue synthesized during reproduc- 
tion, means that the development of the placentae imposes a 
very minor need for thiamine and riboflavin during pregnancy. 

Fetal growth in the rat is small during the first half of 
pregnancy; it becomes exceedingly rapid in normal litters 
from the 18th day of the gestation period to parturition. 
This accelerated synthesis of new tissues increases the thia- 
mine and riboflavin needs of the mother considerably. Maxi- 
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mum transfer of thiamine per 24 hours occurred during the 
2ist day of pregnancy; this deposit of the vitamin accounted 
for an increased need of approximately 75 pg of B,. Maximum 
riboflavin demands for pregnancy occurred at the same inter- 
val of the gestation period and were equal to nearly 60 yg 
per day. : 

Prior to the 16th day of pregnancy in the rat there is 
apparently only a minor need for thiamine and riboflavin be- 
yond the amount recognized as being necessary for the non- 
pregnant adult animal. 


LITERATURE CITED 


Hennessy, D. J. 1942 A standard thiochrome assay for the determination 
of thiamine in cereal products. Cereal Chem. Bull., 2, No. 2. 

Lewis, H., anp G. Everson 1952 Deposition of B vitamins in normally de- 
veloping fetuses as evidence for increased vitamin needs of the rat 
for reproduction. II. Pantothenic acid and biotin. J. Nutrition, 
in press. 

SNELL, E. E., anp F. M. Strona 1939 A microbiological assay for riboflavin. 
Ind. Eng. Chem., Anal. Ed., 11: 346. 











FURTHER STUDIES ON THE ABSORPTION OF 
VITAMIN B, FOLLOWING ORAL AND 
PARENTERAL ADMINISTRATION *:? 


R. YAMAMOTO, CHARLES BARROWS, JR., CALVIN LANG 
AND BACON F. CHOW 


Department of Biochemistry, School of Hygiene and Public Health, 
Johns Hopkins University, Baltimore, Maryland 


(Received for publication July 13, 1951) 


Vitamin B,,. appears to be an essential nutritional factor, 
administration of which may overcome the manifestations of 
pernicious anemia. Evidences available at this time suggest 
that in patients with this disease there is impaired absorption 
of vitamin B,, from the gastrointestinal tract. Oral adminis- 
tration of this vitamin in amounts equivalent to many times 
the minimum effective parenteral dose is without therapeutic 
effect in patients with pernicious anemia, unless the gastric 
juice from normal individuals is also administered at the 
same time (Berk et al., ’48). The unusual condition which 
affects absorption of this vitamin is also reflected in the differ- 
ent patterns of excretion of vitamin B,, in urine after oral 
and intramuscular administration to animals, including man 
(Chow et al., ’50b; Conley et al., 51). It was found that the 
oral administration of vitamin B,. in massive dosages, even 
in amounts equivalent to 100 or more times that of the minimum 
therapeutic dose, caused no appearance of this vitamin in the 
urine, whereas recovery of the major portion of the parenter- 
ally administered vitamin in urine could be achieved. This 

*The authors acknowledge with thanks the grant-in-aid from the Squibb Insti- 
tute for Medical Research, Sharp and Dohme, Ine., and the Upjohn Co., and the 
generous supply of crystalline vitamin B,, from Merck and Co. 


? The authors express their appreciation to Mrs. Shanley L. Davis for her faithful 
assistance in the microbiological assay of vitamin B,,. 
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lack of excretion after oral administration was observed with 
patients suffering from pernicious anemia as well as healthy 
subjects. 

This phenomenon is not restricted to man, for at least one 
other species, the rat, was found not to excrete orally ad- 
ministered vitamin B,. (Chow, Barrows and Lang, ’50a). 
Moreover, in the case of the laboratory animal, it was possible 
to demonstrate that if the dosage were raised to an even 
higher level, such as 1 or 2 mg of erystalline vitamin B,. per 
adult (300 to 350 gm), this vitamin was excreted in the urine 
to the extent of less than 5% of the administered dose. If 
the appearance in urine of this fraction of the vitamin fed 
by mouth implies that orally ingested vitamin B,. undergoes 
a normal process of absorption, and its recovery in urine is 
not an artifact of the experiment, such as contamination with 
fecal matter during the process of urine collection, one would 
expect the orally ingested vitamin to enter the blood stream, 
pass through the kidney, and finally appear in urine. This 
communication reports the result of a series of investigations 
aimed at throwing some additional light on the fate of vita- 
min B,. given to rats and dogs either by mouth or by the 
parenteral route, particularly at low dosages. 


EXPERIMENTAL 


I. The excretion of vitamin By, in the urine of rats 
receiving different dosages by the sub- 
cutaneous route * 


In previous communications on urinary excretion of vita- 
min B,., the oral doses were purposely made much larger 
than the parenteral doses. Parenteral administration resulted 
in essentially complete excretion of the vitamin in the urine, 
even though the smallest amount given by either route was 
much larger than the apparent physiological] requirement. 
This was done in order to demonstrate most strikingly the 
difference in excretion pattern related to the two routes of 


* The assistance of Mrs. C. B. Barrows is gratefully acknowledged. 
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administration. It is, therefore, of interest to re-investigate 
the urinary excretion of vitamin B,,. following subcutaneous 
injection at dosages within the range of the amount required 
for normal physiological function. To this end we have ad- 
ministered amounts of vitamin B,. ranging from 10 to 0.31 pg 
per rat, in single subcutaneous injections, to 6 groups of three 
or 4 normal male adult rats (300 + 25 gm). 

The experimental details for the collection of urine, the 
procedures for the microbiological assay of vitamin B,. and 
the composition of the soybean diets used are given elsewhere 


TABLE 1 


The urinary excretion of material with vitamin B,, activity by rats given subcu- 
taneous injections of vitamin B,, at different levels 











a AMOUNT 
posace mores en © PCRETED 1% evar 
“ug — 48 — 24 +24 + 48 ug 
10 0.04 0.09 8.4 0.06 84 1.6 

5 0.05 0.09 3.2 0.06 62 1.9 
2.5 0.07 0.10 1.3 0.07 50 1.3 
1.3 0.06 0.08 0.20 0.06 10 1.2 
0.63 0.06 0.07 0.09 0.05 0 


0.31 0.06 0.07 0.07 0.07 0 





* Each figure represents an average of three or 4 animals, expressed as micro- 
grams vitamin R,, excreted per rat per day. 


(Chow, Barrows and Lang, ’50a). The results of the experi- 
ment are given in table 1. They confirm our previous finding 
that doses of 10 yg were essentially completely recoverable 
in the urine. At lower levels, where observable excretion took 
place, a maximum was reached in 24 hours. As the dosage 
was lowered, the per cent of the administered vitamin B,. 
activity excreted in urine was decreased. Thus, when rats 
were given 5, 2.5 or 1.3 ug, the recovery was 62, 50 and 10%, 
respectively, of the injected dose. When 0.63 pg or less were 
injected into each rat, the amount of the vitamin in the urine 
was not significantly increased over that found during the 
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basal period. This lack of observable increase may have been 
due to inherent errors in our routine determination for vita- 
min B,» in urine, employing L. Leichmanii as the test organism 
according to the method of Skeggs and Wright (Skeggs et al., 
00). However, it can also be accounted for on the assumption 
that part of the injected vitamin B,. was retained in the body. 
The former hypothesis is not applicable to the group of rats 
injected with 1.3 ug of vitamin B,., since in theory approxi- 
mately 15 times more of the vitamin than was contained in 
the basal specimen should have been found in the 24-hour 
sample. Actually, there was only a two- to three-fold increase. 

This magnitude of discrepancy is beyond our maximum 
experimental error of + 30%. It, therefore, appears likely 
that a part of the injected vitamin was retained in the body. 
This amount is est'mated in the last column of table 1 by 
taking the difference between the injected dose and the amount 
excreted in 24 hours. According to the calculated results, from 
1 to 2ug of vitamin B,. were retained by our adult rats. 
Within the limits of our experimental conditions, this value 
is essentially constant, even though the results are suggestive 
of a slightly increased retention at higher doses. In all likeli- 
hood this value will also vary according to the state of vitamin 
B,. saturation of the experimental animals. In the experiment 
herein reported we made no special efforts to keep the vitamin 
B,. intake of our rats uniform. When the amount injected was 
less than that which the body could retain, no B,,. was excreted. 

In order to provide additional evidence to test the hypothesis 
that a fraction of the injected vitamin can be retained in the 
body, we administered vitamin B,. to another 4 groups of 
normal adult animals (which received a single dose of 50 pg 
of vitamin B,., by injection, 5 days previous to the beginning 
of our experiment) at levels similar to those reported in table 
1 except that the vitamin B,. used for administration to the 
rats receiving 0.616 and 0.313 yg per animal was tagged with 
radioactive Co®. If these amounts of vitamin B,. were actu- 
ally less than that whch could be retained by the animal, the 
urines of these two groups of rats should have contained 
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very little of the radioactivity of Co®. On the other hand, 
if the vitamin B,. were completely and rapidly excreted, or 
if the body retains much less than our calculated figures, one 
should be able to recover a portion of both the radioactivity 
and the microbiological activity of the labelled vitamin in the 
urine. The results of such a study are condensed in table 2. 
In table 2 are shown the microbiological activities (labelled 
M) of vitamin B,,. in the urine specimens of a group of 5 


TABLE 2 


The urinary excretion of material with vitamin B,, activity as measured by 
microbiological activity and/or radioactivity 











a a \ — HOURS FROM ADMINISTRATION ' VITAMIN 
GROUPS SAG i +24 + 48 +72 + 120 Biz EX- 
M R MR MR MR M R Grae ® 
ug 
A 2.5 3 250 - 510 — 200 - 170 - 170 — i0 
B 13 5 250 - 300 — 300 - 210 - 240 — 0.0 
Cc 0.621 5 210 6 250 22 180 9 170 9 170 11 0.0 
D 0.311 5 220 6 220 15 180 8 180 7 140 12 0.0 
E 0.0 5 170 - 210 — 180 — 140 - 160 — 





*M = vitamin B,, in urine measured microbiologically, expressed as millimicro- 
grams per 24 hours. In instances where a collection involved 48 hours, the amount 
of vitamin B,, found during the whole period was divided by two in order to obtain 
comparable excretion data. 

R = vitamin B,, in urine measured by radioactivity, expressed as millimicro- 





grams per 24 hours. 

*Per cent of the injected vitamin excreted; i.e., the difference between the 
amount of vitamin B,, measured microbiologically and that of the basal period 
divided by the amount of injected vitamin, multiplied by 100. 


rats (group E) which received none of this vitamin by injec- 
tion. They varied from 140 to 210 mug per rat per day during 
the entire experimental period of 6 days. These figures were 
consistently higher than those for the animals in the previous 
experiment which were not injected with B,, prior to experi- 
ment. However, this group of animals excreted less material 
with vitamin B,, activity than the rats in other groups during 
the pre-injection period, even though the excretion in the 
72- or 120-hour urine specimens of the latter groups did oc- 
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casionally approach that of the control group. In view of the 
variation in the basal value, it is unwise to attach any signifi- 
cance to the small changes in urinary excretion, such as those 
exhibited in the specimens from the rats in groups B, C and 
D receiving the three lower dosages of vitamin B,,.. Hence, 
it is assumed that the vitamin excreted by these rats was 
**0.0%.’’ On the other hand, the 24-hour urine specimen of 
group A, receiving the highest dosage, contained an amount 
of microbiological activity approximately twice the basal 
value, thus accounting for only 10% of the administered vita- 
min in urine. 

The radioactivity (designated by R) of the urine specimens 
of the rats in groups © and D, which received 0.313 and 
0.625 ug of radioactive vitamin B,. tagged with Co*%, equiva- 
lent to a total of approximately 3,600 and 7,200 counts per 
minute, respectively, was measured in duplicate by digesting 
one-fourth of the volume of the collected urine in a Kjeldahl 
flask with HNO, - H.SO, mixture and 1 mg of ordinary CoCl., 
as carrier. After digestion the inorganic matter was trans- 
ferred to a beaker and the excess of acids was removed by 
evaporation to dryness with heat. The salts were dissolved 
with a minimum amount of water and transferred to plan- 
chets. The radioactivity was estimated with a Geiger-Miiller 
counter. 

The data show that the radioactivity in the urine specimen 
of any given period was never more than a few counts above 
background (or the basal samples). The total radioactivity 
in the specimens collected during the entire 120 hours after 
injection was no more than a mere fraction of 1% of the in- 
jected vitamin. These data therefore furnish additional evi- 
dence that when vitamin B,,. is injected in small doses, it is 
not readily excreted either per se or as breakdown products. 
It may be retained in the tissues of the body. In another 
experiment the amount of radioactive vitamin B,. injected into 
each rat was raised to 4.5 ug. With this dosage the recovery 
of radioactivity in the urine was 60% and the balance was 
found in various tissues (Rosenblum et al., 52). 
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II. The appearance of vitamin By, in feces 


Since oral administration of vitamin B,. in moderately 
large quantities is not followed by its appearance in urine, 
it is of importance to ascertain whether the administered 
vitamin is excreted in the feces. However, the determination 
of vitamin B,, in fecal matter by microbiological assay tech- 
niques is complicated by the fact that an aqueous extract of 
a stool] sample often loses some microbiological activity on 
standing, even at room temperature. This might be explained 
on the basis of: (1) the presence of bacteria which may utilize 
vitamin B,. for growth and, therefore, make it unavailable to 
the test organisms; (2) the presence of enzymes in fecal 
matter; and/or (3) the union between the vitamin and protein 
material in feces, not readily soluble in water. The decrease 
of microbiological activity on standing was essentially pre- 
vented by the following procedure: The fecal specimens were 
homogenized in a Waring Blendor with 50ml of water for 
about three minutes and made to 100 ml in a volumetric flask. 
An approximately 10-ml aliquot was transferred into a centri- 
fuge tube, plugged with cotton, and autoclaved for 10 to 15 
minutes under 15 pounds’ pressure. After cooling and centri- 
fuging, the clear supernatant fluid was diluted for micro- 
biological assay. To test the recovery under these conditions, 
known quantities of vitamin B,. ranging from 91 to 2,270 ug 
were added to samples of normal stool specimens and assayed 
according to the directions given above. Our results demon- 
strated a quantitative recovery of 90 to 115% of the added 
vitamin By. 

To follow the appearance of vitamin B,, in feces, normal 
adult rats were given the vitamin by mouth in single doses 
ranging from 10 to 250ug. Both stool and urine specimens 
were collected daily. In line with previous findings, urine 
samples contained no microbiological activity. However, the 
vitamin B,. content in the feces was greatly increased (see 
table 3). This increase reached a peak approximately 24 
hours after administration, and became less pronounced in 
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the specimens obtained after 72 or more hours. The total 
recovery, which ranged from approximately 50 to 80%, bears 
no apparent relationship to the administered dose. The point 
which we wish to emphasize here is that oral administration 
brought about a large increase in microbiological activity in 
feces under conditions which did not affect activity in urine. 
For comparison, animals in group D (table 4) were given 50 pg 
of vitamin B,, by subcutaneous injection and showed no sig- 
nificant increase in vitamin B,. excretion in the feces. 


TABLE 3 


Vitamin B,, activity in the fecal matter of rats after oral administration 











GROUP — DOSAGE ROUTE HOURS FROM ADMINISTRATION -....m 
“ug % 
A 4 250 Oral —48* +24 +72 + 120° 
B 4 50 Oral 16.4 112.6 37.7 18.7 48 
Cc 3 10 Oral 17.3 38.9 18.7 18.3 48 
D 4 50 Subecu- 21.2 27.7 22.3 20.0 80 
taneous 


18.6 18.9 17.8 18.3 < 10 








* Microbiological activity of vitamin B,, expressed as micrograms of the crystal- 
line vitamin per 24 hours. 


III, The appearance of vitamin B,» activity 
in blood after oral feeding * 


The fact that only traces of orally administered vitamin B,, 
appear in urine, while much is found in feces, suggests that 
vitamin B,. given by mouth may be only poorly absorbed. 
That absorption can take place is suggested: (1) by the thera- 
peutic response of pernicious anemia patients after oral ad- 
ministration of massive doses of vitamin B,.; and (2) by the 
growth response of vitamin B,.-deficient weanling rats to oral 
feeding. 

Absorption of orally administered vitamin B,. would be 
substantially proved by demonstration of its presence in the 


*The cooperation of Dr. J. White and Dr. J. B. Allison of the Rutgers Bureau 
for Biological Research in this phase of our investigation is sincerely appreciated. 
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blood stream of the animal. Fragmentary evidence to this 
effect was provided in a report (Chow et al., 51) of the pres- 
ence of the radioactivity of Co® in the blood of rats fed 


TABLE 4 


Determination of vitamin B,, in urine and plasma of dogs following oral 
or intravenous administration 





ROUTE OF ADMINISTRATION 
HOURS FROM oene een, 











someee ADMINISTRATION Intravenous Oral 
Urine? Plasma 2 Urine? Plasma * 
Experiment I 
150 ug —14 0.0 0.0 0.0 0.0 
per dog 0 - be oe 
} 33 0.0 0.0 
4 35 30 0.0 0.0 
1 67 14 0.0 0.0 
2 80 oe > ai 
4 85 0 0.0 0.0 
8 87 0.0 
24 88 0.0 
Experiment II 
6 ug/kg by —14 0.0 0.0 0.0 0.0 
intravenous 0 
route and } 10 4.5 
900 ug/kg 4 36 1l 0.1 6.4 
by oral 1 63 4 0.3 7.1 
route 2 90 0 0.8 9.2 
4 91 0 14 3.3 
8 91 1.5 
12 91 1.5 
24 91 1.5 








* The vitamin B,, activity in urine is expressed as per cent of the administered 
vitamin. 

* The vitamin B,, activity in plasma is expressed as millimicrograms per milliliter. 
of plasma. 


vitamin B,, tagged with Co® three to 4 days before necropsy. 
To ascertain the presence of vitamin B,,. in blood, we admin- 
istered the vitamin to several groups of dogs, both orally and 
intravenously, and subsequently determined the vitamin B,, 
content in blood and urine at different time intervals. 
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The results (see table 4) of two such experiments are re- 
ported in this communication. In the first experiment 4 healthy 
dogs weighing between 10 and 16kg were used. They were 
kept in individual metabolism cages. Urine collections were 
made approximately 14 to 24 hours prior to the administration 
of the vitamin, to provide samples for determination of basal 
excretion. Thereafter the animals were given 150 ug of vita- 
min B,.; two were fed by mouth and two intravenously. The 
animals were catheterized and their bladders were rinsed 
with isotonic saline solution at intervals after administration 
of one-fourth, one-half, one, and 4 hours. Urine samples and 
washings were combined for microbiological assay for vita- 
min B,. Also, at intervals, blood samples were drawn into 
tubes containing solid citrate and gently shaken. Plasma was 
removed by centrifugation. The red cells were discarded, 
since samples of laked cells have been shown to contain no 
microbiological B,, activity. The plasma samples were dia- 
lyzed for 72 hours in the cold room against an isotonic saline 
solution, according to the procedure previously described 
(Chow, ’51). The dialysate was then analyzed for vitamin 
B,, activity. Control recovery experiments indicated that our 
procedure permitted essentially quantitative recovery of 
known amounts of vitamin B,. previously added to normal 
dog plasma im vitro. Whether enzymes or other substances 
exist in the tissues of the dog which will increase the in vivo 
binding of the vitamin to serum protein is not known to us at 
this time. 

Our second experiment differed from the first only in the 
amount of vitamin B,. administered. Other experimental de- 
tails remained the same. The dosage of the orally fed dogs 
was 900 ug per kilogram body weight, and that of the intra- 
venously administered dogs was 6 ug per kilogram. This oral 
dosage was chosen to correspond to that which, when given 
to rats by mouth, resulted in appearance of activity in the 
urine. 

The results of these experiments (see table 4) demonstrated 
that the administration of vitamin B,, to dogs by mouth at a 
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dose of 150 yg per animal did not result in appearance of 
vitamin B,, activity in the urine, whereas the recovery of this 
vitamin was substantially quantitative after intravenous ad- 
ministration (experiment 1). When the oral dose was increased 
to 900 ug per kilogram body weight, approximately 2% of the 
administered dose appeared in the 24-hour urine specimen. 
These data are in quantitative agreement with the results of 
a series of similar experiments using rats (Chow, Barrows 
and Lang, 50a). Analyses of the plasma samples from these 
dogs demonstrated the presence of vitamin B,,. in the plasma 
of all animals receiving the vitamin intravenously; only the 
dogs receiving 900yg of vitamin B,. per kilogram, orally, 
showed detectable plasma levels. However, it is of interest 
to note the rapid disappearance of microbiological activity in 
the plasma of the intravenously fed animals. As a matter of 
fact, the plasma level after one hour was so low as to be un- 
measurable. On the other hand, the plasma levels in the dogs 
fed by mouth reached a maximum in two hours; the vitamin 
was still present in demonstrable amounts 4 hours after ad- 
ministration. Furthermore, this group of animals continued 
to excrete significant amounts in urine even as long as 8 hours 
after administration. These data therefore provide additional 
evidence that vitamin B,. given by mouth is absorbed, since 
it passes through the blood stream and finally is voided in the 
urine. , 
DISCUSSION 


Earlier studies (Chow et al., ’50b; Chow et al., 51; Jutton 
and Parsons, 51; Barbee and Johnson, 51) demonstrated that 
orally administered vitamin B,, is not excreted in the urine, 
except at extremely high dosages. Similar results were ob- 
served later by other investigators. These findings suggested 
as a possibility that vitamin B,, might be conjugated in vivo 
to form a new compound, not readily utilized by the test 
microorganism. This hypothesis is not in harmony with the 
experimental facts, because of the absence of radioactivity 
in the urine of rats fed by mouth with vitamin B,, tagged with 
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Co®, and because of the lack of increased microbiological 
activity in human or rat urine samples from individuals re- 
ceiving large amounts of vitamin B,. by mouth, after treat- 
ment with acid or alkali or after incubation with glucuronidase. 

In this communication data are presented to demonstrate 
the recovery of a large per cent of orally administered vita- 
min B,, activity in fecal matter. The practical absence of 
microbiological activity in urine under these conditions raises 
the pertinent question of whether orally administered vitamin 
B,. is absorbed. In addition to the earlier, presumptive evi- 
dence in support of absorption, we have now demonstrated 
the presence of vitamin B,. activity in the blood stream of 
dogs fed a large dose of B,.. These data, when taken together, 
show unequivocally the absorption of this vitamin. Adminis- 
tration by mouth, it should be pointed out, yields very signifi- 
cantly lower blood levels than administration by injection; 
but the observed levels appear to be longer sustained. 

It is interesting to note that as the dosage of injected vita- 
min B,. was lowered, the recovery of administered vitamin in 
the urine became poorer. The poor recovery at the low dos- 
ages which were closer to the level needed to meet physio- 
logical requirements was not due to inherent error in the 
microbiological assay, since these findings were confirmed by 
radioactivity studies using the Co%-tagged vitamin. These 
data also suggest the possibility of retention of the vitamin 
by the tissues of the body. Nevertheless, it is most surprising 
to find that 2 ug of vitamin B,,. or more were retained by each 
rat, since only a fraction of this amount is necessary to stimu- 
late the growth of rats deficient in this vitamin. 


SUMMARY 


Vitamin B,, was administered subcutaneously to groups of 
normal rats at dosages ranging from 10 to 0.31 ug. It was 
found that at the higher levels the recovery of this vitamin in 
the urine was almost quantitative. As the dosage decreased, 
the recovery became poorer. At low levels, no increase of 
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microbiological activity over the basal excretion was observed. 
The data taken as a whole suggest that the tissues of the body 
retained about 1 or 2 ug of the vitamin per rat. 

A large fraction of orally administered vitam'n B,,. ap- 
peared in the feces; urinary excretion was very low, indicating 
poor absorption. Nevertheless, some absorption must have 
taken place, since oral feeding of large doses to dogs was 
followed not only by appearance of activity in the urine but 
by occurrence of demonstrable blood levels. 
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ONE FIGURE 
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There would seem to be little question but that arachidonic 
acid is the primary component of the group of essential fatty 
acids. Turpeinen (’38) and Smedley-MacLean and Nunn (’40) 
have concluded that the principal unsaturated fatty acid re- 
quired by the body is arachidonic acid. As the result of a 
number of independent investigations (Barki et al., 49; Nunn 
and Smedley-MacLean, ’38; Reiser, 50; Rieckehoff et al., ’49; 
Reiser, 51), the interconversion of linoleic and linolenic acids 
to arachidonic acid has been established. 


*This work was carried out under a research grant from The Best Foods, Inc. 
The authors wish to acknowledge the helpful advice of Professor Anton J. Carlson 
of the University of Chicago, of Professor Arthur W. Thomas of Columbia Uni- 
versity, and of Dr. H. W. Vahlteich and Dr. Daniel Melnick of The Best Foods, 
Ine., during the course of the experiments. 

* Contribution 291 of the Department of Biochemistry and Nutrition, University 
of Southern California. 

* These data are from a dissertation submitted by Samuel M. Greenberg to the 
Graduate School of the University of Southern California in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 
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If arachidonic acid is required by the organism per se, one 
would expect it to show a greater biologica] activity than 
compounds which have a physiological effect by virtue of 
being convertible to the active compound. However, the evi- 
dence is not entirely decisive on this point. For example, 
Turpeinen (’38) reported that arachidonic acid possesses 
three times the potency of linoleic acid when tested for growth- 
promoting activity with fat-depleted rats. Using the same 
criterion, Hume et al. (’40) obtained relative potencies of 
methyl arachidonate to methy] linoleate of approximately 2:1. 
However, Burr and his co-workers (’40), using a portion of 
the same arachidonic acid sample that Turpeinen (’38) had 
used, were unable to confirm the fact that arachidonic acid 
possesses any superior activity as an essential acid. The 
sample used by these two groups of workers was prepared 
by one of the present authors (J.B.B.) by the bromination- 
debromination procedure. In fact, Burr, Burr and Miller 
(’32), who later admitted their sample to be of poor quality, 
had actually reported an inferior growth-promoting activity 
for methyl arachidonate when fed with a mixture of methyl 
linoleate and methy]! linolenate. 

In an earlier report from this laboratory (Greenberg et 
al., 50), a logarithmic relationship was established between 
dosage of linoleate and growth of male rats in the range be- 
tween feeding levels of 5 and 50mg daily. Linolenate was 
shown to possess a markedly lower potency than linoleate, 
unless it was ‘‘sparked’’ by the latter. Under such conditions, 
linolenate was found to have a biopotency equivalent to that 
of linoleate. 

In view of the controversy in the literature as to the rela- 
tive potencies of arachidonate and linoleate, it seemed of 
importance to establish the relationship of these unsaturated 
acids through the quantitative bioassay procedure employed 
earlier. It was likewise of importance to determine whether 
arachidonate behaves in a manner similar to that of linolenate 
in requiring linoleate for its maximum activity, or whether 
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arachidonate is able to act quite independently of linoleate 
when tested for its growth-promoting activity. 


EXPERIMENTAL 


The procedures followed in the present tests were similar 
to those employed in our earlier studies (Greenberg et al., 
50). Weanling male and female rats of the U.S.C. strain 
were depleted by feeding them the fat-deficient diet until a 
constant weight obtained over three weeks. They were then 
assigned to the several groups and the supplements adminis- 
tered daily over an 8-week period. Animals were weighed 
weekly during the assay period. Tibia measurements were 
made at the start and at the end of the assay period by the 
procedure described earlier (Greenberg et al., ’50). 

The basal diet used for the depletion period and during the 
assay was diet 69a, while the high-fat regimen used with one 
group of rats was diet 70a‘ (Greenberg et al., ’50). These 
diets had caloric equivalents of 376 and 523 Cal./100 gm, re- 
spectively. 

Each group consisted of 5 male and 5 female rats. The 
supplements were administered orally twice weekly, using 
graduated tuberculin syringes with blunted needles. The total 
volume of each dose for groups 12, 13, and 16 to 19 was made 
up to 0.1 ml; that for group 14 was made up to 0.25 ml, and 
that for group 15 to 0.50 ml with ethyl] laurate.5 Groups 11 and 
20 received 0.1 ml ethyl laurate twice each week. The following 
groups were used: 11, negative controls (ethyl laurate only) ; 
12, 13, 14, and 15, linoleic acid in doses of 10, 20, 50, and 100 mg 
per day, respectively; 16 and 17, 10 and 20 mg methy] arachi- 
donate per day, respectively ; 18, 5 mg each of linoleic acid and 

*Instead of the Wesson oil used in the earlier diet, a cottonseed oil identified 
as ‘‘black and white winterized cottonseed oil,’’ produced by the Opelousas (La.) 
Refinery and obtained locally through Haas, Baruch and Co., was used. Upon 


analysis, the iodine number and linoleic acid content of Wesson oil and of this 
brand of cottonseed oil were found to be approximately the same. 


5 Eastman. 
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methyl arachidonate daily; 19, 10 mg each of linoleic acid and 
methyl arachidonate per day; and 20, positive controls (30% 
fat diet). 

Linoleic acid * was used in these tests in place of the methy] 
ester employed in the earlier ones. The methyl! arachidonate, 
prepared by one of us (J.B.B.) from suprarenal phosphatides, 
avoided entirely the bromination procedure used for all sam- 
ples previously tested biologically and was made by low 
temperature crystallization and distillation It had the fol- 
lowing constants: iodine number, 301.0 (theoretical, 318.8) ; 
molecular weight, 317.8 (theoretical, 318.5). 


RESULTS AND DISCUSSION 


Data on the responses of the male rats to the several supple- 
ments are recorded in table 1, while the corresponding data 
for female rats are given in table 2. The relationship between 
logarithm of dose and gain in weight of the rats receiving 
the various levels of linoleate for 7 and 8 weeks is presented 
graphically in figure 1. 

The biological potency of the arachidonic acid in terms of 
linoleic acid can readily be calculated from the logarithm of 
the projection of the weight gain on the logarithm dose — 
gain in weight curve for linoleic acid. The comparative poten- 
cies of groups 16 to 19 in the male tests are recorded in table 
3. Since the female rats did not give a straight line logarithm 
dose — weight gain curve, it was impossible to make a quanti- 
tative estimation of the potency of arachidonate with respect 
to rats of this sex. 

The average potency of arachidonic acid as an essential 
fatty acid varies with the conditions of the test. When it was 
fed alone (groups 16 and 17), it had a higher potency relative 
to linoleic acid at the 10 mg level than when given at the 20 mg 
level. Thus, in the first case the relative effectiveness calcu- 
lated from the 7- and 8-week data was 4.2 times that of lino- 
leic acid; when fed at the higher dosage, the linoleic acid 


* Prepared by the Hormel Foundation. 
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equivalent of the arachidonate was found to be 2.8. The mean 
value of these tests would suggest a ratio of 3.5:1 in the 
relative effectiveness of arachidonate: linoleate. Such a figure 
is in line with the value of three reported by Turpeinen (’38) 
but is higher than the factor of two given by Hume et al. (’40). 
It is possible that the variations may be explained by the 
different sizes of dosage employed by the several investigators 
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Fig. 1 The gain in weight of previously depleted male and female rats plotted 
against logarithm dose of linoleic acid fed for 7 or 8 weeks. Projections of weights 
of groups 16-19 on the standard linoleate curve are indicated for the 8-week period. 


or by the modifications in the procedures employed for com- 
parison of the potencies. On the other hand, the failure of 
Burr and co-workers (’40) to note a better response to 
arachidonate than to linoleate may well be explained by 
the fact that too-large doses of arachidonate were used to 
exhibit maximum growth-promoting acivity. 

On the other hand, a considerably greater effectiveness of 
arachidonate apparently obtains when it is fed along with 
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linoleate. When 5mg each of linoleic acid and methyl ara- 
chidonate were given, the mixture was found to have an 
effectiveness equivalent to 32 mg of linoleate. Similarly, when 
a mixture of 10 mg each of the above supplements was given, 
the response was equivalent to that produced by 76mg of 
linoleate. If one subtracts from the linoleate equivalents cal- 
culated in these experiments the linoleate fed, the figure for 
the linoleate equivalent of the balance as arachidonic acid 


TABLE 3 


The potency of methyl arachidonate in terms of linoleic acid when fed alone or 
with linoleate, as determined in male rats 





LINOLEIC ACID 











DAILY SUPPLEMENTS LINOLEIC ACID EQUIVALENT OF RQUIVALENT OF 
— ws Linoleic Methy! Methyl arachidonate Arachidonic acid ' popes 
, acid 8rachi- a sok ll 
donate 7th week 8th week 7th week 8th week 7th week 8th week 
mg mg mg mg mg mg mg mg 
16 0 10 38 41 40 43 
17 0 20 54 53 56 55 
18 5 5 32 31 28 27 
19 10 10 75 76 68 69 








* Obtained by correcting values for methyl arachidonate by 1.04 (318.5, molecu- 
lar weight of methyl arachidonate/304.5, molecular weight of arachidonic acid). 

* Obtained by subtraction of linoleate administered from linoleate-equivalent of 
response and correcting the net effect for that of arachidonic acid as above. 


becomes 5.6 times that of linoleic acid for the lower dosage of 
arachidonate (5 mg) ; in the case of the higher dosage (10 mg), 
the ratio of activities of arachidonate to linoleate is 6.8: 1. 
Thus, the mean value of arachidonate when given with lino- 
leate would be 6.2 times that of the latter. This latter response 
is about twice that obtained when arachidonate is given sepa- 
rately. Whether this difference is to be attributed to a syn- 
ergism of arachidonate on linoleate activity or vice versa 
cannot be answered by the current tests. Although methy] 
arachidonate is very effective as an essential acid in the ab- 
sence of linoleate, the effectiveness is enhanced when it is fed 
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with linoleate, in a manner similar to that by which the potency 
of linolenate is increased when linoleate is present. 

The present experiments again demonstrate that the rela- 
tionship between logarithm dose of linoleate and weight gain is 
a straight-line function in male rats over a wide range. Since 
the values for we'ght gain of the rats receiving 100mg of 
linoleic acid per day also fell along the straight-line plot (in 
the plotting of the data for both 7 and 8 weeks), one must con- 
clude that the optimum level for linoleate exceeds 100 mg per 
day in the case of male rats. 

The data support our earlier observation (Greenberg et al., 
D0; Anisfeld et al., 51) that the optimum linoleate require- 
ment is considerably lower for the female rat than for the 
male rat. In the present experiments the maximum gain in 
weight for females was obtained with the 50-mg dosage, while 
a considerable suppression in response was exhibited at a 
100-mg dosage level of linoleic acid. In one earlier series 
(Greenberg et al., 50) the response obtained with 50 mg was 
less than that found with the 20-mg dosage; in the other 
series, no tests were made with 50mg of linoleate but the 
responses of the rats to 20 and 100 mg were practically identi- 
eal (Anisfeld et al., 51). This latter pattern was followed in 
the present tests, in which the average gain in weight was 36.8 
and 36.0gm in the groups of female rats receiving 20 and 
100 mg per day of linoleate, respectively. 

The weight gains obtained with the rats receiving the 30% 
fat diet from the start of the assay period far outstripped 
those of animals on any of the other diets. In the case of the 
tests on male rats, the weight increase of group 20 (30% 
fat diet) was 147.7 gm compared with 74.5 gm for group 15, 
which was the next highest one (100 mg linoleate daily). The 
comparable values with the female rats were 66.2 gm for group 
20 and 50.8 gm for group 14 (50 mg linoleate daily). Although 
these experiments support our earlier conclusion (Greenberg 
et al., 50) that the weight increases of female rats on a high- 
fat diet cannot be duplicated when a fat-low diet supplemented 
with linoleate is employed, they likewise would seem to sug- 
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gest that under certain conditions the same phenomenon may 
hold for the male rat. 

There are several possible explanations for the more satis- 
factory effect of the fat diet as compared with the fat-low, 
linoleate-supplemented regimen. One explanatior® would be 
that fat may offer components other than the essential fatty 
acids which act to produce the greater weight increase. 

A second explanation for the above phenomenon might be 
that several different essential fatty acids may be required 
simultaneously in certain proportions in order to obtain the 
maximum effectiveness from supplementation. Two facts 
would tend to disprove this hypothesis. In the first place, cot- 
tonseed oil, which has the most marked effect in producing 
weight gains of any of the test substances, contains linoleic 
acid almost exclusively as the only essential fatty acid. Sec- 
ondly, in the tests with female rats receiving linoleate and 
arachidonate in equal amounts, a lesser response was obtained 
on a total dose of 20mg per day than on the 10-mg dosage. 
This result would suggest that, as in the case of linoleate alone, 
the weight gain of the female supplemented animals cannot be 
brought to the level of those animals receiving the fat diet by 
increasing levels of supplementation. 

Another explanation for the effectiveness of the fat diet 
in producing greater weight increases —one which is more 
probable — is the increased efficiency in utilization of the food. 
This factor was likewise evident, to some extent, in the 
groups which were supplemented with linoleate or arachi- 
donate, but the figures for the increased efficiencies are of a 
considerably different order for those rats receiving the 30% 
fat diet than for those supplemented with the essential acids. 
Since both groups of rats which were not supplemented with 
essential acids lost weight on the fat-low diet, the efficiency 
(grams gain X 100/Cal. consumed) was zero. In the case of 
the male rats, values of 1.68, 2.00, 2.49, and 2.60 were obtained 
for the groups receiving 10, 20, 50, and 100 mg linoleic acid 
per day, respectively. The values for efficiency vary within 
this range for the groups receiving arachidonate alone or in 
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conjunction with linoleate. The efficiency in utilization of the 
calories in the fat diet was in marked contrast to these results; 
a value of 4.33 was found for the male rats. 

The results with the female rats were quite similar to those 
obtained with males. The efficiency of the food utilization 
ranged between 1.41 and 2.10 for the rats on the fat-low 
regimen which received supplements of linoleic acid or methyl 
arachidonate or a mixture of these; the corresponding value 
for group 20 (receiving 30% cottonseed oil diet) was 2.61. 

Another possible explanation for the greater weight gains 
of the rats on the fat diets is that, because of the higher caloric 
value of this diet, the animals were able to eat more of it than 
of the fat-low diet. However, this suggestion is probably not 
valid, since marked variations in efficiency were noted for the 
rats on the fat-low diet at different intakes of the essential 
acids in spite of the fact that the food intake was relatively 
constant in the several groups (see tables 1 and 2). The effi- 
ciency with which the nutrients were used was found to be 
much higher in the male than in the female; this is in agree- 
ment with earlier results from this laboratory. 

The greater gain in weight of the rats on the linoleate or 
arachidonate supplement over that of the animals receiving 
only the fat-low diet would appear to be chiefly due to the 
deposition of body tissue rather than to increased size as 
measured by tibia length. Although small differences in tibia 
length appeared to be associated with greater weight gains, 
the differences were too small to be significant. While the 
present tests do not indicate the nature of such tissue, one 
might expect it to contain appreciable amounts of protein, in 
view of the known protein-sparing action of fat diets (Samu- 
els et al., 48), as well as the effect of the essential fatty acids 
in causing a retention of essential amino acids (Pearson and 
Panzer, ’49). 

The relative effectiveness of the common essential fatty 
acids as regards biological activity when fed to fat-deficient 
rats is linolenate < linoleate < arachidonate. Since both lino- 
lenate and linoleate are converted to arachidonate, which pre- 

















532 GREENBERG, CALBERT, DEUEL AND BROWN 


sumably is the primary member of the group, the superior 
potency of arachidonic acid is understandable. In view of the 
fact that trienoic acids are probably converted to the dienoic 
acid (Reiser, 51) before being transformed to the tetraenoic 
acid (such as arachidonic), the lower potency of linolenic 
acid at low dosages as compared to linoleic acid can be ex- 
plained. 


SUMMARY 


Methyl] arachidonate has been shown to have 3.5 times the 
biopotency of linoleic acid when fed to fat-deficient rats; the 
ratio of the biological] activity of arachidonate to that of lino- 
leate when these acids were fed as a mixture was found to be 
6.2: 1. The requirement of the male rat for linoleate was shown 
to exceed 100 mg daily; in confirmation of our earlier work, 
it has been demonstrated that the optimum level for female 
rats is considerably lower than that for male animals. 

The gain in weight noted in an 8-week assay period was 
greater in the rats receiving a cottonseed oil diet than in those 
on a fat-low regimen supplemented with as much as 100 mg of 
linoleic acid daily, 20 mg of methyl arachidonate per day, or 
mixtures of these two essential compounds. 

The efficiency of utilization of the calories was increased 
progressively with increasing dosages of essential fatty acids; 
however, the highest efficiencies were obtained with the 30% 
fat diet. Greater efficiency of utilization of the calories ob- 
tained in the males than in the females. 
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The recent demonstration by Greenberg et al. (’50a) that 
the extent of increase in the body weight of male rats, pre- 
viously depleted of essential fatty acids, is a linear function 
of the logarithm of the dosage of linoleic acid has suggested 
that this procedure might find application for the quantita- 
tive estimation of the total content of essential fatty acids 
in fats. Although a number of workers have employed growth 
as a means for a rough quantitative estimation of unsaturated 
fatty acid content, none has used the weight gain/log dose 
standard curve of linoleate for such estimations. The latter 

*This work was carried out under a research grant from The Best Foods, 
Inc. The authors wish to acknowledge the helpful advice of Professor Anton J. 
Carlson of the University of Chicago, of Professor Arthur W. Thomas of Columbia 
University, and of Dr. H. W. Vahlteich and Dr. Chester M. Gooding of The 
Best Foods, Inc., during the course of the experiments. 

We wish to thank Merck and Co. for the synthetic vitamins used in the basal 
diet. 

* Contribution 293 of the Department of Biochemistry and Nutrition, Uni- 
versity of Southern California. 
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procedure would seem to present a readily reproducible 
method of considerable accuracy. 

Coward (’38) was the first to apply the weight gain/log dose 
method for the quantitative estimation of vitamin A. It has 
proved to be a satisfactory procedure, in our laboratory, for 
determination of the provitamin A activity of a number of 
all-trans-carotenoids, as well as for a number of their stereo- 
chemical isomers (Zechmeister, ’49). Most recently, we have 
employed this technic for the determination of the biological 
activity of a mono-cis synthetic B-carotene (Zechmeister et 
al., ’51). 

The application of this procedure to the estimation of es- 
sential unsaturated acids would seem to be justified in view 
of the fact that it has previously been demonstrated that a 
straight line curve obtains for weight increases in male rats 
when plotted against the log dose of linoleate for doses of 
5 to 50 mg daily (Greenberg et al., 50a). These results have 
subsequently been confirmed in two series of tests (Anisfeld 
et al., 51; Greenberg et al., 51). In order that such an assay 
procedure be valid, it is necessary not only that the values 
for the standard reference curve fall in a straight line (which 
indicates that the growth response within the range employed 
is a quantitative one) but it is also advisable that the sub- 
stance essayed be given at several levels in the range of criti- 
cal growth response for the standard. In other words, a 
curve projected through the points on the log dose/weight gain 
curve of the unknown substance should be reasonably parallel 
to the standard reference curve. Such a condition is ordinarily 
met if the assay is made at two levels and these give concor- 
dant results. 

Chemical methods cannot be relied upon to answer the ques- 
tion as to the essential fatty acid content of a given fat. Al- 
though the thiocyanogen number in conjunction with the io- 
dine value does give information in regard to the proportion 
of mono-, di-, and trienoic acids (Irwin et al., ’36), such re- 
sults can be used only for quantitative computation of bio- 
logical activity if each component of the di- and trienoic acids 
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is known. Only 6 compounds have been reported to possess 
essential fatty acid activity, and these substances are rec- 
ognized as having widely different biopotencies; at least 17 
compounds, including mono-, di- and trienoic acids, hydroxy- 
and keto-acids, and branched-chain acids have been shown in 
a recent summary (Deuel and Greenberg, ’50) to be devoid 
of biological potency. It is therefore evident that, without 
data on the identity of the unsaturated acids involved, the 
thiocyanogen values are of limited use in estimating the bio- 
potency of the essential acids in fats. 

Spectrophotometric analyses are somewhat more useful for 
predicting the proportion of biologically-active unsaturated 
fatty acids than are chemical analyses; however, this physical 
method is of value only in the case of natural fats in which 
the component unsaturated fatty acids are known. This pro- 
cedure may be of doubtful value in cases where the nature 
of the di- and trienoic acids is uncertain —in treated fats 
such as margarines and shortenings. 

The present studies have been designed to determine the 
essential fatty acid content of natural and treated fats by 
biological assay and to compare these values with those ob- 
tained by spectrophotometric analysis. 


EXPERIMENTAL 


The samples of fats used for the biological assay of essen- 
tial fatty acids included two samples of butter obtained on 
the open market, a commercial cottonseed oil, two hydro- 
genated cottonseed oil samples of the same iodine value, but 
one of which was hydrogenated under ‘‘selective’’ conditions 
and the other under so-called ‘‘non-selective’’ conditions, hy- 
drogenated coconut oil and 4 samples of margarine oils, one 
of which contained an addition of 1.25% of limpid cotton- 
seed oil. 

Before the butter samples were chosen for the study, analy- 
ses for iodine number were made on 6 nationally popular 
brands which were obtained on the New York market. Bio- 
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assays were carried out on the sample with the highest and on 
that with the lowest iodine value. The following iodine val- 
ues were noted on the 6 brands of butter: 44.6, 41.5, 39.7, 39.5, 
39.4, and 37.5. 

The composition and constants of the several oils tested 
are listed in table 1.2 The procedure of Brice et al. (’45) was 
used for conjugation of the polyethenoid acids prior to spec- 
trophotometric analysis. 

The bioassays were carried out on rats previously depleted 
from the time of weaning by the administration of a fat-low 
diet similar to that used earlier (Greenberg et al., 50a). This 
required approximately 12 weeks. Since the linear relation- 
ship between gain in weight and logarithm dose occurs within 
an extremely limited range in female rats (Greenberg et al., 
50a; Anisfeld et al., 51), only male animals were used for 
the current studies. The groups consisted of 7 or more rats 
each. 

In order to establish the reference growth curve, methyl 
linoleate *> was fed at levels of 0, 5, 10, 20, and 50mg per 
day without hydrogenated coconut oil or with supplementary 
daily dosages of 250 or 500 mg of hydrogenated coconut oil. 
This additional fat, which contains no essential fatty acids, 
was given to compensate for similar amounts of the test fats 
fed. While no reference groups receiving linoleate in excess 
of 50 mg per day were given supplementary hydrogenated co- 
conut oil, one group of rats received 100 mg of methyl lino- 
leate, while a limited number of tests were made in which 
supplements of methyl linoleate were given at levels of 200 or 
400 mg per day. 


*We wish to thank the research staff of The Best Foods, Inc., for these 
analyses. Acknowledgment is made to Mr. Carl F. Brown of The Best Foods 
Research Laboratories for the spectrophotometric analyses establishing the fatty 
acid composition of the test fats. 

* Obtained from The Hormel Foundation, Austin, Minn. 

* During the last two weeks of the experiment, ethyl linoleate, prepared in our 
laboratory by Dr. Donald Visser and Dr. Martin Roberts from poppyseed oil, 
was used in equivalent doses. The iodine number of the preparation was 156.8 
(theoretical 164.8). 











or) 
ir] 
Ve) 


ESSENTIAL FATTY ACID CONTENT OF FATS 








8°Ss £°3s 0 0 61S 
p’c¢ 3°68 30 oT oF 
619 8'ee 30 60 ce 
ose 6 FS 0 0 TL 
S'Té 0°99 0 0 os 
£13 9EL 0 0 Ts 
OTS WPL 0 0 oF 
8°61 WPL 0 0 8S 
F'0Z FL 0 0 os 
£°66 L0 0 0 0 
% % % % % 
spioe pre pace pre poe 


Pewsnjgeg 91910 


“qowiy 


oue[oury I1ejourry 





SCIOV GEXIN IVLOL AO NOLLISOdKOO 





T0"0 
93°0 
6r'0 
60°0 


T0°0 


T0°0 
£0°0 
T0°0 
T0°0 
% 
SaI0V 


ALLVA 
agaa 


0°60T 


9'>F 
SLE 


¥'6S 


9°09 


8'°él 
90 
(str) 


ZQIVA 
aNIGOI 


S's 


o¥G 
SOE 


166 


LN1IOd 


ONILLES 


PPE 
obe 


8'oF 


Gee 
6'EE 
Tre 
ore 


LNIOd 


ONILTIAN WIdKVS 


LT 


9T 
ST 


ia! 


&I 


él 





( PeZl19JUIM-UOUL) [10 peesu0zz0H 


IT FJ 29990 
I Fes 1094Ng 


(uorzeuaZoi1pfy 
@AT}99[98-u0U) Zutusz0yg 

(uoryzeueZ0i1psq 
@ATQ00708) Zuruez0yg 


(AI) [10 paesu0y309 %¢'T 
Zururezuo0s [J] [lo ouesivypy 
III [tO outsresivyy 
II [tO outmesivyy 
I [0 oursmesivyy 


[tO ynuos00 peyeucsZompsAHT 





‘ON 


SHI4KVS 40 NOILIINOSAa 





$389) Avsspo1q 94} ut pasn synf ay) fo s,upjsuoo pup wor1isodwoo ay [ 


Tt @IaVL 











540 DEUEL, GREENBERG, ANISFELD AND MELNICK 


The margarines, shortenings, and butters were fed at levels 
of 250 or 500 mg per day, while the cottonseed oil was ad- 
ministered at dosages of 25 or 50 mg per day. The bioassays 
were carried out for an 8-week period. During this interval, 
the rats were weighed weekly ; computations of the biopotency 
were made on tke basis of response weekly after 4 weeks. 


RESULTS AND DISCUSSION 


The data on the gains in weight of the rats on linoleate alone 
or linoleate with 250 or 500 mg of hydrogenated coconut oil, 
as well as on the negative controls, are summarized in table 2. 
The results of the bioassay obtained on the rats receiving the 
two levels of the several test fats are included in table 3. 
Group designations having the suffix a consist of those to which 
the fats were administered at the lower level (250 mg daily 
except with cottonseed oil, where the dose was 25 mg), while 
groups with a b suffix are those in which the test fats were 
given at the higher level (500 mg daily except with cotton- 
seed oil, in which case the dose was 50 mg). Although only the 
8-week data have been used in the calculations, the weight 
gains for the three-, 6- and 7-week periods have also been 
included in the tables. This is to permit the reader to reassess 
for himself whether or not selection of 8 weeks for the end 
point is justified. 

There are three important facts which stand out from the 
results recorded in table 2: namely, the high level of linoleate 
required to produce optimum growth on the fat-low diet, the 
toxicity of a very high level of methyl linoleate, and the 
growth-depressing effects of hydrogenated coconut oil for 
rats on fat-low diets. This latter effect can be entirely counter- 
acted by the administration of a sufficient dose of linoleate. 
Figure 1 indicates that a consistency obtains between weight 
gain and log dose for periods up to 6 and 8 weeks. Although 
our data on group 7 are available only to the 6th week, when 
the test was stopped due to shortage of linoleate, the log dose/ 
gain-in-weight curve indicates that this point falls on the 
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straight line. These reference curves are for the data reported 
in the present paper ; they agree well with the results plotted in 
an earlier report for a different series of tests with different 
rats for doses of linoleate up to 50 mg daily (Greenberg et 
al., ’50a). 
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Fig. 1 The average gain in weight of male rats plotted against log dose of 
linoleate supplement after 4, 6, and 8 weeks. 


In table 2 are presented three dose response curves obtained 
with rats subsisting on increasing amounts of methyl lino- 
leate in the absence of any dietary fat and the presence of 
two levels of hydrogenated coconut oil. In order to visualize 
the relationship of the responses of the rats to linoleate in- 
gestion at the different levels of fat ingestion, the data have 
been plotted in figure 2. 
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The results demonstrate that the feeding of hydrogenated 
coconut oil accentuates the fat-deficiency symptoms in the 
rat produced on a low-fat regimen, or that the requirement 
of essential fatty acids for growth is increased with the con- 
comitant ingestion of fat. Such an effect has also been re- 
ported by Evans and Lepkovsky (’32) and by Sinclair (’36). 


50/0MG LINOLEATE DAILY 5MG LINOLEATE DAILY , 
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Fig. 2 The gain in weight of male rats maintained on a fat-low diet supple- 
mented with several levels of linoleate alone (solid lines), plus 250 mg of hydro- 
genated coconut oil daily (dashed lines), or plus 500 mg of hydrogenated coconut 
oil daily (dotted lines). The daily linoleate doses were as follows: I, 0mg; II, 
5mg; III, 20mg; and IV, 50 mg. 


In addition, our results indicate that a semiquantitative re- 
lationship exists between the dosage of hydrogenated coco- 
nut oil and its growth-depressing effects. Furthermore, we 
have demonstrated that this deleterious action can be over- 
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come when adequate amounts of linoleate are available. The 
regression of the symptoms occurs progressively as the lino- 
leate dosage is increased from 5 to 50 mg, at which point there 
is no evidence of a depressing effect of hydrogenated coco- 
nut oil on growth, even when fed at a 500-mg dosage. 

The results of the bioassay of the natural and hydrogenated 
fats and oils are summarized in table 4. Three methods for 
translating the biological response into the essential fatty 
acid content of the test fats were employed, as is indicated in 
the footnotes to table 4. We have a preference for the re- 
sults obtained by method III, since the reference and the 
test rats ingested the same amount of total fat. It was pre- 
viously pointed out that in the presence of added triglycerides 
the requirement of essential fatty acids for growth is in- 
creased. Of course, in the assays of cottonseed oil requiring 
the feeding of very small amounts of extra fat, the refer- 
ence curve based on the feeding of linoleate alone must be 
employed. 

The results demonstrate that hydrogenated fats contain a 
surprisingly high proportion of biologically active polyunsat- 
urated acids. The results with the 4 margarine samples are 
similar ; moreover, there is no evidence that sample IV, which 
contains 1.25% of limpid cottonseed oil, has a demonstrably 
greater biological activity than samples I to III. The failure 
to observe such an additive effect from added limpid cotton- 
seed oil as measured biologically or spectrophotometrically 
was reported in a preliminary experiment (Greenberg, Deuel 
and Brown, ’50b). 

The most striking effect which we have observed is the 
marked variation in biological potency between shortenings 
hydrogenated by selective and by non-selective means. The con- 
centration of essential fatty acids in the shortening prepared 
by non-selective hydrogenation has been shown to be about 
13% (not less than 10%) as determined by biological assay, 
while that of the shortening prepared by selective hydrogena- 
tion was determined as about 3%. Similar but not so marked 
variations occur in the analysis of essential fatty acid con- 
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tent by the spectrophotometer, in which case the values are 
6.8 and 2.1% respectively even though the iodine numbers 
of the two samples are identical; i.e., 59.4 for the sample 
prepared by non-selective hydrogenation and 60.6 for that 
hydrogenated selectively. These variations in activity are to 
be expected under the conditions of the hydrogenation. The 
primary difference between the two methods of hydrogena- 
tion is the preferential conversion under selective conditions 
of linoleic acid to oleic and iso-oleic acids, rather than oleic 
‘to stearic acid. Selectively hydrogenated shortenings are pre- 
ferred for frying purposes, while non-selectively hydrogenated 
oils are preferred as shortenings for baking. 

In the case of the selectively hydrogenated shortening, ex- 
cellent agreement obtains between the spectrophotometric 
analysis and the results of bioassay. However, with the short- 
ening prepared by non-selective hydrogenation the results of 
the biological determination are approximately twice the 
value found spectrophotometrically. It is possible that iso- 
mers are formed in the latter case which are biologically ac- 
tive but which do not respond to the spectrophotometric 
method; for example, polyunsaturated fatty acids with double 
bonds so far removed that conjugation cannot be effected by 
the alkali treatment. 

Butter II, which had the highest iodine number of the 6 
samples examined in the preliminary tests, also gave the 
highest response both biologically and spectrophotometrically, 
and with good agreement between the two methods. Butter 
I, which had the lowest iodine number, also gave somewhat 
lower values for essential acids as determined by both pro- 
cedures. Agreement between the biological and spectrophoto- 
metric methods was excellent in this case also. It is of inter- 
est that the margarine oils, prepared by hydrogenation of the 
vegetable fats, possess higher concentrations of biologically 
active acids than do the butters. 

The validity of the biological method is established by the 
close correlation between the results of biological assay and 
spectrophotometric analysis of cottonseed oil. Our best value 
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for the essential acid content of cottonseed oil obtained by 
bioassay, 48.0%, closely approximates that determined spec- 
trophotometrically, namely 49.5%. In this case there is no 
reason to question the results of spectrophotometric analysis, 
since no isomerization had occurred. Moreover, linoleic acid, 
as determined by chemical methods, has been reported as 
50.4% (Deuel and Greenberg, ’50). 

In general, the results obtained for the essential acids when 
the test fats were fed at 250 and 500 mg per day were in fairly 
good agreement. Studies are in progress to improve the pre- 
cision of the biological assay. 


SUMMARY 


A biological procedure for the determination of essential 
fatty acids has been established. Good agreement was ob- 
tained between the analyses for essential fatty acids by bio- 
assay and by spectrophotometry in the case of margarine oils, 
butters, cottonseed oil, and a shortening prepared by selec- 
tive hydrogenation. However, the bioassay procedure gave 
a result approximately twice as great as that obtained by 
spectrophotometric analysis with a shortening made by non- 
selective hydrogenation. The level of essential fatty acids in 
all samples of margarine was found to be higher than in the 
butter fats. Non-selective hydrogenation of cottonseed oil, 
the method employed in preparing baking shortenings, yields 
a product exhibiting a high amount of residual essential fatty 
acids, somewhat more than 4 times that noted for the same 
vegetable oil hydrogenated to the same iodine number but 
under selective conditions such as those employed in pre- 
paring frying shortenings. 

In confirmation of earlier work, it has been found that the 
administration of hydrogenated coconut oil has a depressing 
effect on the growth of rats fed a fat-low regimen, in propor- 
tion to the level fed; this depressing effect can be completely 
counteracted by adequate supplementation with linoleate. 
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The optimum level of linoleate required by fat-depleted 
male rats would seem to exceed 200 mg per day. Apparently 
the requirement of essential fatty acids is increased with the 
concomitant ingestion of fat. . 
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Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison 


(Received for publication June 25, 1951) 


INTRODUCTION 


Studies on reproduction and lactation have revealed differ- 
ences in the nutritive value of certain diets which do not appear 
when growth alone is used as the criterion for adequacy. 
Spitzer and Phillips (’46), using a natural ration of plant pro- 
teins, and Sporn, Ruegamer and Elvehjem (’47), using puri- 
fied rations, have repeatedly shown the necessity of supply- 
ing specific unknown factors in order to maintain a species 
through several generations. 

Another type of diet, containing roast pork as the sole 
source of protein, was investigated by workers at Iowa State 
College (Swanson, Armstrong and Nelson, 43; Swanson and 
Nelson, ’40) and more recently in our laboratories (Henderson, 
Schweigert, Mozingo and Elvehjem, ’48). The roast pork diet 
failed in some trials to support reproduction and lactation but 
the substitution of an equal quantity of roast beef or casein 
for the pork, or supplementation with liver, improved the 
results. 

The variable results with the above-mentioned pork diet 
may be related to the fact that hogs are monogastric animals, 
and pork muscle may not be supplied with ample quantities 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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of unknown factors produced by the microorganisms of rumi- 
nants. Since vitamin B,. is known to be a product of the 
microorganisms in the gastrointestinal tract, various cuts of 
pork and beef were assayed by Register, Lewis, Thompson 
and Elvehjem (°49). Pork was found to contain lower and 
varying quantities of vitamin B,, activity as compared to the 
relatively higher and constant value in beef. Hence it was 
suggested that the lower level of vitamin B,, might be the key 
to the lactation failure seen in rats fed roast pork. 

It has also been noted that animal protein factor concen- 
trates from antibiotic fermentations stimulated growth and 
improved the lactation performance of the rat (Stern and 
McGinnis, 50) to a greater extent than vitamin B,, alone. 

The value of vitamin B,, or streptomycin in a roast pork 
diet as compared with a roast beef diet was investigated. Since 
it is interesting to know how the vitamin B,, content of rat 
milk changes with diet, and since it would be advantageous to 
determine whether the mortality of the young may be due toa 
lack of sufficient vitamin B,,. in the milk when milk is pro- 
duced, the lactation problem was also studied from this point 
of view. 

EXPERIMENTAL 


The care of the animals and the preparation of the diets 
were similar to those reported earlier by Henderson et al. 
(’48). Twenty-one-day-old rats of the Sprague-Dawley strain 
were used in all studies. In the first experiment 15 rats per 
group were used, but subsequent experiments contained 12 
rats per group unless otherwise specified. Four or 5 rats were 
kept in each screen-bottomed cage and received the experi- 
mental rations ad libitum. 

Mating was delayed until the animals were 100 days of age 
and the pregnant females were placed in individual cages 5 
days prior to parturition. The young were counted after 
birth, weighed 24 hours later, and each litter reduced to 6 rats. 
The young were weaned 22 days after parturition and the fe- 
males were remated one month later. 
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The basal diet had the following composition : purified casein 
24 gm, sucrose 63 gm, corn oil 5 gm, salts IV (Hegsted, Mills, 
Elvehjem and Hart, ’41) 4gm, and contained the following 
vitamins in 4 gm of a sucrose mix: thiamine 0.5 mg, riboflavin 
0.6 mg, niacin 3.0 mg, pyridoxine 0.5 mg, calcium pantothenate 
4.0mg, choline 200mg, inositol 200mg, para-aminobenzoic 
acid 60 mg, biotin 0.02 mg, folic acid 0.04mg. The corn oil 
was fortified with a-tocopherol to supply 10 mg per 100 gm of 
ration. In addition, the fat-soluble vitamins were supplied by 
a mixture of halibut liver oil, corn oil, a-tocopherol and 2- 
methyl-1,4-naphthoquinone. Two drops weekly provided ap- 
proximate daily intakes of 400 I.U. of vitamin A, 4 I.U. of 
vitamin D, 0.5 mg of a-tocopherol, and 0.04 mg of 2-methyl-1,4- 
naphthoquinone. 

Pork butts and beef round, secured weekly from a neighbor- 
hood grocery, were roasted at 350 to 450°F. until the meat 
reached an internal temperature of 180°F. After the excess 
fat was trimmed off, the pork and beef were ground and 
mixed separately into the diets, which were stored at 5°C. 

All rations were compounded isocalorically and the meat 
incorporated at a level to supply 24% protein (by Kjeldahl 
nitrogen). The same amounts of vitamins and minerals as 
were used in the basal diet were added to each meat diet. In 
experiment III dextrin was substituted for sucrose at the same 
level. 

One hundred grams of the beef ration supplied approxi- 
mately 2.3 pg of vitamin B,, activity and, similarly, 100 gm of 
the pork ration supplied almost 1.4 ug. 

The vitamin B,.* was given orally every other day in an 
amount to supply 0.1 ug per day. In experiment IT intraperi- 
toneal injections provided 0.3 ug every other day. The methan- 
ol liver extract* was also given orally, supplying 0.05 pg 
vitamin B,, per day. Streptomycin at a 5mg % level was 
added directly to the diet. 


* We are indebted to Merck and Co., Inc., Rahway, N. J., for the crystalline 
vitamin B,, and the streptomycin concentrate. 
* Generously given by Dr. Samuel Tove and Mr. Robert Lalor. 
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The first studies on rat milk were attempted with rats re- 
maining from experiment I. The animals were mated immedi- 
ately for the third time without a rest period. As soon after 
birth as possible (judged by the appearance of both the fe- 
male and young), the female was isolated from the young for 
two to 4 hours. The female was then injected with 0.2 ml of 
Pitocin. Gentle massaging of the teats produced small drop- 
lets of milk, which were drawn up into a capillary tube and 
transferred to a container from which accurate measurement 
of the quantity could be made. On the average 0.5 to 1.5 ml of 
milk were obtained from each massage and proved quite suffi- 
cient for the assay. The samples were diluted, and frozen 
until they could be analyzed for vitamin B,, activity using 
Lactobacillus leichmanti, American Type Culture Collection 
4797, and the medium of Thompson, Dietrich and Elvehjem 
(50). The acidimetriec procedure with a total volume of 2 ml 
was adopted. The total nitrogen of the milk was determined 
by the semi-micro Kjeldahl method. 

The milking of the female rats every other day caused a 
considerable reduction in the weanling weights, and hence the 
resulting lactation data on these animals were useless. Thus a 
separate cage of animals was added for milk studies in every 
group when the reproduction and lactation experiment involv- 
ing streptomycin was started. The animals being milked were 
carried through two litters, although the reproduction data 


covered only one. 


RESULTS AND DISCUSSION 
Reproduction and lactation studies 


The data for all the reproduction and lactation experiments 
are summarized in table 1. There were no significant differ- 
ences in the growth of the females in any of the groups. 

Experiment I. The reproduction, defined as the ability to 
conceive and give birth, was essentially the same in all groups. 
The effect of the pork diet became apparent in the number of 
stillbirths (per cent alive when first seen), the number alive at 
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24 hours, and the later lactation performance. The young died 
in from one to 4 days and rarely was food seen in their stom- 
achs during this interval. The supplement of 0.1 yg of vitamin 
B,. per day did not increase the lactation. The vitamin B,, 
seemed to cause some improvement in the rats on the beef diet. 

The better performance record when the second litters were 
studied may be attributable to the storage of unknown factors 
needed for reproduction and lactation. The extreme drop 
noted in the second litter of the beef group may be explained 
on the basis of a depletion of unknown factors in the animals 
carrying young in the first litter to weanling age. 

The superiority of the beef ration was again evident in the 
higher weights of the newborn from dams fed this diet. The 
weights of the newborn from the second litter increased only 
if there was a corresponding improvement in lactation. The 
significance of the weanling weights from the pork groups 
could be questioned, as the average weight is derived from 
few surviving animals as compared to the large number in 
other groups. 

Pork diets not only impair lactation but often seem to hinder 
conception. The lag was observed in all of the 15 pork-fed ani- 
mals. The initial range of time required for the first animal in 
each of the other groups to bear young was 22 to 26 days after 
the males were put in the cage, with an average birth date of 
32 days. The first animal in the pork-fed group to bear young 
gave birth on the 43rd day and the average was 56 days after 
mating. This was not observed in the pork group supple- 
mented with vitamin B,, or in the second litter. 

Since the casein group receiving the methanol extract of 
liver gave 100% reproduction and lactation, the extract may 
contain a lactation factor for rats on a purified diet. This ex- 
tract is known to contain at least one factor necessary for the 
growth of mink (Schaefer, Tove, Whitehair and Elvehjem, 
48). 

Experiment II. The first filial weanlings from animals in 
experiment I were divided indiscriminately into the 4 groups 
of experiment IT. Though the number of animals used was 





Ts et s/t 6S vv wwe (UO — 
ved ss oe o./e st 36 16 ulszxep pus jJooq ywwoy Iit 




















oe "9 os o/t s6 os (L/S) OL ee uyesuyy 
(poyoofur) Aup/*g 
se 6S OF c/z ge GL (g/g) 00T 3” CTO pus yi0d yeuoy 
(je10) Lep/"gq 
8e 9°S cs r/T oF 19 (¢/) 08 37 [0 pue ysod ysvoy 
l 99 GZ */T 9F 00T 2(9/F) 19 yiod ysvoy Ss 
49B14X9 IOAT] 
cE CL 00T 8/8 cL 3 i 00T 00T Jouvyjzour ‘utoseD 
OF 19 kep/"q 3” 19 
Ee Ls ol L/S er 1/8 9L 6S cg ol 86 = &8 8 8l ‘utesey 
cg 89 
18 6S cL 8/9 €¢ 11/6 9¢ Ss BL 06 6S G6 8 19 Oot UTOBB 
66 =O tCéT'9 fep/*q 31 1°09 
9F e'¢ Lg 8/8 FI FI/Z 29 SI 6> «6% *g LL 08 00T pus ys0d ysvoy 
> 836htéa'D 
eF '¢ e9 8/¢ fat aI/s £6 OF £9 +E 99 OL 08 26 yiod ysvogy 
IF o kep/"q 3” 1'9 
1g 09 19 ZI/8 LL €T/0T GL 28 16 88 €6 16 00T &6 pus jooq ysvoy 
6> «6 0'9 
ce 8S 0g 01/s *9 F1/6 +E LL rl 91 €8 28 oot 00T Jooq ysuoy I 
% % 
skep <p puz ST pug wT puz 8T pug I pug ST 
ad T 20707 s00NT 494317 4040] 4090] 
“ON 
0. 3 43 * 
sone * OUINVEs GWIVRES olea Junot % cage Suent % cage Senet %, soqoune 4% — —- 
40 % anv NOILOVaA NOILVLOVI ALI'IIGVIA ALIIaviaA NOILONGOUdaA 





saipnjs uoyonposdas fo hanwung 


T @IAVL 





*|(vus sua dnoid youve ul s[emtuy Jo 19quinu ayy esNnBdeq PeAlsep st OB uaoed 944 YoOIYA WOIy UOTJOBIZ [eNQY , 
“107711 PUddeG , 
“10991 ALT y 

















uro£u104do148 
Ge 09 19 6/9 cL el 36 % Bug pus ujesvy 
9€ £9 +9 It/L 69 £6 36 UlesBy) 
40813X9 IOAT] 
bP 9 L9 21/8 19 c6 36 jousyjzou pus yi0d ysvoy 
uro£w104d0148 
IP I'9 el II/8 +9 6 6 % Bug pus y10d yuoy 
a Ls $l 1/8 LL +8 001 yiod ysvoy 
uta£u104d0148 
th Ls 9¢ 6/¢ 29 8 00 % Bug puw jooq ywvoy 
IP 9 el 11/8 Tl 26 0or Jo0q yvoy Al 
6E 6¢ 9¢ 6/¢ 9¢ 18 06 9801ONS PUB UTOBEL) 
a 13 ll/e oF c9 oor UlI}xXep pus ulesED 
A Vs et 8/T 3s 99 88 ulajxep pue yiod ysvoqy 
Le ss oe ove st 36 té6 uptyxep pus jJooq yevOoOI’ Iilt 
oe £9 entiaaiatatdiiintatictiniinisiiles ake ean 
os S/F 96 os CZL/3) OL ultesRn 











558 MEYER, THOMPSON AND ELVEHJEM 


small, the reproduction and lactation data from these animals 
tend to show that the failure of vitamin B,, to improve lacta- 
tion was not due to poor absorption or availability, as the in- 
jected animals did as poorly as the orally supplemented group. 
Also, regardless of what ration their mothers had been on and 
of what stores of unknown factors they might have obtained 
from the mothers, all three of the pork groups did poorly, the 
performance percentages being about the same as their 
mothers’. The casein group weaned 95% of their young, with 
4 out of 5 females carrying young through to weanling age. 

Experiments III and IV. Several reports indicate that differ- 
ent carbohydrates in the diet affect the flora of the gastroin- 
testinal tract (Mannering, Orsini and Elvehjem, ’44; Ershoff, 
49) and that alterations in the bacterial population may in- 
fluence the nutritional requirements of the host animal. Sub- 
stitution of dextrin for sucrose in experiment III caused lac- 
tation failure in every group. The dextrin in combination with 
the meat diets evidently so altered the intestinal flora that 
the factors necessary for lactation became unavailable to the 
host animal. Since dextrin can support successful reproduc- 
tion when used in diets of different composition and with dif- 
ferent sources of protein (Cox and Imboden, ’36), these data 
emphasize the fact that the requirement for certain factors 
vary greatly with the composition of the ration used. Varia- 
tions are also observed when sucrose is the carbohydrate (ex- 
periment IV). The methanol liver extract improved a casein 
diet (experiment I) but failed to improve the pork diet. The 
addition of streptomycin had no pronounced effect on animals 
fed the pork diet, although Stern and McGinnis (’50) did ob- 
serve an effect in rats on a soybean oil meal and alfalfa diet. 
In this series the animals receiving pork weaned a major por- 
tion of their young. Henderson et al. (’48) noticed similar 
variable results with pork. 

Thus, under the conditions of the above reported experi- 
ments, the difficulty in reproduction and lactation often asso- 
ciated with a roast pork diet has not been eliminated. 
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Vitamin B,, content of rat milk 


On meat diets. In comparison with non-ruminant, non-spe- 
cialized milk producers, rat milk is high in vitamin B,, (table 
2). Collins, Harper, Schreiber and Elvehjem (’51) reported 
the average vitamin B,, activity of sow milk to be 1.05; horse 
milk, 0.02; and human milk, 0.41 yg/liter. The high protein 
level of 11.8% in rat milk (Cox and Mueller, ’37) may increase 
the demand of the young for vitamin Bp. 

It is evident from table 2, experiments I and IV, that the 
vitamin B,, activity of rat milk does vary with diet. The level 
in the milk seemed to follow the reproduction and lactation 
performance regardless of the level in the diet; that is, in ex- 
periment I the beef-fed animals performed well with respect 
to lactation and they had the highest level in their milk. The 
pork-fed animals failed in lactation and secreted a very low 
level of the vitamin. The casein-fed animals fell in between 
and were putting the vitamin in the milk at a higher level than 
the pork animals even though their dietary vitamin B,. was 
considerably less. This is again evident when considering the 
casein and pork groups supplemented with the methanol] liver 
extract. The question regarding the source of vitamin B,, for 
animals fed a purified diet low in the vitamin is answered 
partly by the role intestinal synthesis plays. Zucker and Zucker 
(50) have shown intestinal synthesis of B,, activity in feces 
of rats on purified diets deficient in B,., whereas no activity 
was found in feces of rats on a 60% cottonseed, all-plant diet 
deficient in vitamin B,p». 

The data did not show that supplementation with vitamin 
B,, at the 0.1 ug level had any effect on increasing the quantity 
in the milk. The lack of effect may have been due to the fact 
that the milk was taken after the third litter, when all animals 
had had a chance to accumulate approximately equal storage. 
The argument that the lowered quantity of the vitamin in the 
pork group may have been due to a poor quality of the milk as 
a whole has no foundation, as most of these animals supported 
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5 to 6 young through to weanling age in a normal fashion as 
well as the beef animals did. 

The individual records indicated a tendency for the vitamin 
B,, to be higher during the first part of the nursing period and 


TABLE 2 


Vitamin B,, content of milk from rats maintained on various diets 








Bip MuG/ML 
EXP. NO. OF NO. OF MEAN + 
No. sant ANIMALS SAMPLES STANDARD 
ERROR ¢ 
¥3 Roast beef 3 9 23.6 + 4.90 
Roast beef, 0.1 ug B,/day 3 8 13.2+ 3.60 
Roast pork 2 3 45+ 0.60 
Roast pork, 0.1 ug B,,/day 2 6 5.0+ 1.30 
Casein 3 8 69+ 1.20 
Casein, 0.1 ug B,./day 3 7 72s 17 
IV? Roast beef + 27 213+ 1.58 
Roast beef, 5 mg % streptomycin 4 10 29.8 + 2.65 
Roast pork 5 11 34.0+ 3.70 
Roast pork, 5mg % streptomycin 5 21 163+ 1.94 
Casein 4 23 185+ 1.93 
Casein, 5 mg % streptomycin + 18 182+ 2.51 
IVa* Roast bee? 3 15 15.0+ 2.23 
Roast beef, 5mg % streptomycin 5 14 21.7 + 3.30 
Roast pork 4 17 18.5 + 2.12 
Roast pork, 5mg % streptomycin 5 23 15.7 + 1.89 
Casein 3 13 15.3 + 2.30 
Casein, 5mg % streptomycin 2 3 154+ 1.49 
IV* Roast pork, methanol liver extract * 4 14 24.3+ 3.19 
| Casein, methanol liver extract ° 4 23 27.9+ 2.80 
ihe Basal * 2 2 49+ 1.1 
Basal, 3% yeast 4 7 69+ 0.54 
Basal, 5% fish solubles * 1 7 269+ 3.2 
Basal, 5% fish solubles, 3% yeast 4 18 21.02 2.5 
Basal, 10 ug vitamin B,,/100 gm 5 13 139 + 18.4 
ration 
Basal, 10 ug vitamin B,,./100 gm 4 14 115 +148 


ration, 3% yeast 





* Obtained after third litter. 
? Obtained after first litter. 
* Obtained after second litter. 
(o> mecalt mx 
Sx V=5 n(n a 
* Supplement doubled, supplied 0.1 ug B,,./day. 
* Supplied 0.05 ug B,,/day. 
* Corn, soybean oil meal and alfalfa. See Spitzer and Phillips (’46) for full diet. 
* Supplied about 1.5 ug B,./100 gm ration. 
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to level off in the latter period. Comparison of the data of ex- 
periments IV and IVa showed a definite downward trend in 
all groups after the second litter. These data are not incom- 
patible with the lactation data (table 1), as all the groups 
performed equally well. 

To eliminate the objections that the differences between 
groups were due to variations in the concentration of the milk 
produced by the diets or due to errors in measurement and 
dilution of a small sample, the nitrogen content of 45 repre- 
sentative samples was determined. Though the protein con- 
tent varied from 7.0 to 12.9%, the relative differences ex- 
pressed in mug B,./gm of N remained essentially the same in 
almost every case. 

On an all-plant diet. In order to study further the dietary 
effect of vitamin B,, upon the milk, female rats which had been 
used for reproduction studies through the first litter and 
maintained on an all-plant ration (corn, soybean oil meal and 
alfalfa) developed by Spitzer and Phillips (’46) were obtained 
from another group of investigators.‘ The animals were kept 
on the ration with their respective supplements through the 
second litter, at which time they were milked. 

The data in table 2, experiment V, bear out the conclusion 
that the vitamin B,, activity of milk definitely varies with diet. 
The milk data confirmed the accepted fact that yeast is not a 
source of vitamin B,,. activity (Hartman, Dryden and Cary, 
’49b), as there was no increase in the milk of the basal-plus- 
yeast group over that of the basal alone. The supplement of 
fish solubles, supplying about 0.20 pg of vitamin B,, per day, 
allowed a high level of vitamin B,, to be incorporated in the 
milk. When the rats received 1.0 yg of B,. per day in the diet, 
the level of the vitamin in the milk increased further. The 
lactation data from the first litter demonstrated that only the 
groups supplemented with fish solubles achieved normal repro- 
duction and lactation; all other groups failed. 


* The animals, diet and supplements were kindly supplied by Mr. W. D. Paynter 
and Dr. P. H. Phillips. 
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There are two possible explanations. The fish solubles sup- 
plement was not only supplying the necessary amounts of 
vitamin B,, but also the other unknown factor or factors evi- 
dently required for normal lactation, whereas the vitamin B,,- 
supplemented groups were getting more than enough B,, but 
lacked the other factor or factors supplied by the fish solubles. 
The other alternative is that the extremely high level of vita- 
min B,, in the milk is toxic to the young. 

It must be emphasized that no direct comparison between 
the animals on the all-plant ration and those on the meat and 
purified rations can be made because of the difference in com- 
position of the diets. The all-plant ration data are presented 
mainly in support of the theory that the vitamin B,, content of 
rat milk can be varied with diet and that the level may be im- 
portant for optimum nutrition of the young. 

The possibility of a critical level of vitamin B,, in the milk 
of the rat does not exclude the need of other factors. Hartman, 
Dryden and Cary (’49a) have repeatedly shown that vitamin 
B,. is involved in the growth and development of rats, particu- 
larly with respect to the reproductive organs of the female, 
which are reduced in size relative to the body weight much 
more than on a vitamin B,.-deficient diet. Tove, Lalor and 
Elvehjem (’50) have shown good correlation between the vita- 
min B,, content of various substances and the methanol liver 
extract factor used in these experiments. The properties of the 
extract and of vitamin B,, are similar, but in this present 
series of experiments vitamin B,, did not improve lactation at 
the 0.1 ug level of supplementation. However, vitamin B,, 
did tend to eliminate the conception lag. 

A definite clue to the mechanism by which the pork diet 
caused an inferior lactation performance remains hidden. 
Further work at Iowa State College (Ehmke, ’46) showed an 
increase in the urea nitrogen of the pork-fed pregnant rats. 
Zucker and Zucker (’48) found very high non-protein nitrogen 
values in chickens and rats maintained on vitamin B,,.-deficient 
diets. Thus another tie between vitamin B,, and the pork diet 
is apparent. 
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One can only speculate as to the action of the pork. The 
availability of the vitamin B,, and lactation factors in pork 
may be masked by the presence of some antagonist. The effect 
noted may be due to an amino acid imbalance, in that the fat 
may hinder absorption of certain amino acids. The possibility 
of a vitamin imbalance should not be overlooked. But it is 
most likely that still-unidentified factors are necessary to 
supplement the pork diet adequately. 


SUMMARY 


Oral supplements of crystalline vitamin B,, at the 0.1 pg per 
day level did not overcome the lactation failure frequently 
seen in rats fed roast pork as the sole source of protein, but 
did help in overcoming the conception lag often accompanying 
such a diet. Addition of a methanol liver extract (0.05 pg B,. 
per day) raised the lactation performance of animals on a 
purified diet to 100% but did not affect those on the pork diet. 

The failure of vitamin B,, did not seem to be due to poor 
absorption, as injected vitamin B,, did not produce an im- 
provement. Substitution of dextrin for sucrose caused lacta- 
tion failure in every group. Addition of 5mg % streptomycin 
did not produce any improvement in the lactation of the pork- 
fed animals. The need to consider the influence of the diet as 
a whole in establishing the requirements for any one nutrient 
was emphasized. 

A method for milking rats was described and data were pre- 
sented showing the variations in the amount of vitamin B,, in 
the milk with changes in diet. Rat milk has a high vitamin B,, 
activity, averaging about 20 mug/ml. The vitamin B,, level of 
the milk seemed to follow the reproduction and lactation per- 
formance regardless of the level of the vitamin in the diet. 
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Numerous studies of the effects of dry heat upon the nutri- 
tive value of milk proteins have appeared in recent years. 
Many experiments with casein have been reported, several 
with lactalbumin and a few with the naturally occurring mix- 
ture of milk proteins. The earliest observation was that of 
McCollum and Davis (’15), who noted deterioration in the 
nutritive properties of dried skim milk after prolonged heat- 
ing. Fairbanks and Mitchell (’35) studied dried skim milks 
prepared by 6 different processes. They found decreases in 
the biological value of the proteins varying with the tempera- 
ture, surface exposure and duration of the heating. The pro- 
teins of low temperature roller-processed milk had a biological 
value of 89 but slightly scorched milk had a value of only 68. 
The true digestibility also declined from 91 to 81%. Lysine 
and cystine improved the value of the heat-damaged proteins 
but the effect of these additions upon fresh skim milk proteins 
was not determined. 

Henry, Kon and Rowland (’46) reported a commercially 
prepared lot of dried skim milk which had been overheated and 
treated with excessive amounts of alkali so that its biological 
value was reduced to 55. After 36 months of storage these in- 
vestigators also noted a decline from 89 to 71 in the biological 
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value of the proteins of other dried skim milk samples. Henry 
et al. (’48) found that deterioration in storage was hastened by 
a high moisture content, and concluded that such deterioration 
was largely due to a reaction between the c-amino group of 
lysine and the potential aldehyde of reducing sugar. Most of 
the decrease in the biological value of milk proteins appeared 
to be due to loss or inactivation of lysine, although some change 
may have occurred also in histidine. Hodson and Krueger 
(’47) found, after prolonged storage, decreases in the argi- 
nine, histidine, lysine and methionine of dried skim milk 
proteins. 

Lea and Hannan (’50) have shown in detail the changes 
produced in a casein-glucose mixture stored at 37°C. and rela- 
tive humidity 70% in the dry state. After only 5 days two- 
thirds of the lysine had disappeared and after 30 days 90% of 
the lysine, 70% of the arginine, 50% of the methionine and 
30% of the histidine and tyrosine. On acid hydrolysis most of 
the methionine and part of the lysine was recovered and on 
alkaline hydrolysis most of the tyrosine. None of the arginine 
and histidine was recovered by these means. If lysine, histi- 
dine and methionine comprise most of the indispensable amino 
acids lost by the reaction, the chief deficit for rat growth should 
lie in the lysine and histidine, provided the digestive apparatus 
unlocks the methionine combination. 

Henry and Kon (’50) tested the stored casein-glucose mix- 
ture by rat growth and found its biological value reduced as 
might be expected, with true digestibility decreased in 30 days 
by 10% and protein efficiency by 80%. This would indicate a 
considerable capacity of the rat to absorb unnaturally linked 
amino acids. 

Most of the studies of dry heated casein have ascribed the 
decrease in biological value chiefly to loss of lysine, due to 
destruction or the reaction of the free amino group with alde- 
hyde and formation of this and other unnatural linkages not 
susceptible to normal enzymic digestion (Pader et al., ’48). 
Evans and Butts (’48), working with soybean oil meal proteins 
and added lysine, found similar losses of lysine but noted 
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much more marked changes resulting from autoclaving than 
from dry heating. Mader et al. (’49) found that dry heating, 
at 120°C. for 60 minutes, had relatively little effect upon the 
digestibility and nutritive index of lactalbumin but that auto- 
claving for 30 or 60 minutes produced decreases in both its 
digestibility and biological value for dogs. The presence of 
lactose greatly increased the heat effect. Similar changes were 
reported by Davis et al. (’49) in experiments with rats. In 
these studies of heated lactalbumin no improvement resulted 
from the addition of lysine. 


EXPERIMENTAL 


Since the extent and character of the changes in the nutri- 
tive value of milk proteins produced by heating have been 
shown to vary with the temperature and duration of heat ex- 
posure and the presence of moisture and reducing sugar, it 
seemed desirable to ascertain the effect of autoclaving upon 
the proteins of dry milk. Experimentally produced dry milk 
samples which had received varying preheating treatmerts 
had been found to exhibit mild reductions in protein efficiency 
for rat growth in proportion to the duration and temperature 
of the heating (Cook et al., 51). The heat treatment took 
place previous to final condensation and dehydration. 

An arrangement was made with a local milk company to 
obtain commercially prepared dry milk samples which had 
received somewhat similar, and varying, preheating treat- 
ments, in order to confirm the previous studies on rats by the 
use of young dogs as experimental animals. Three samples 
were produced from the same lot of fresh milk. These were all 
spray-process products; no. 1 to be processed with a minimum 
of heat treatment, no. 2 to be exposed to more heating in ac- 
cordance with the method used in producing dried skim milk 
for the baking industry, no. 3 to be given additional and un- 
usual heat treatment. These samples were provided but no 
information was obtained from the manufacturer as to the 
exact processes used. 
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The samples were analyzed for moisture, nitrogen and solu- 
bility, the latter according to the method used by Fairbanks 
and Mitchell (’35). No differences were found in any of these 
properties. The solubilities were 85 to 90% and the nitrogen 
in solution 84 to 92%. From these findings and the uniform 
response by rats and dogs to diets containing these samples 
as sole source of protein, the conclusion was drawn that there 
could have been very little difference in the method of process- 
ing these samples. 

One of these milk samples was then subjected to autoclaving 
at 118° to 120°C. for 15 or 25 minutes. The dried milk was 
placed in the autoclave in a wide shallow pan in a layer one 
and one-half inches deep, the pan covered and the lid sealed 
with adhesive tape. The cooled powder pulverized in a coffee 
grinder was pale cream in color. The portion autoclaved for 
25 minutes was slightly darker than that autoclaved for 15 
minutes. 

Two series of experiments were carried out with these milk 
samples, one with young dogs, using chiefly the three unheated 
samples, and one with rats in which both the unheated and 
autoclaved milks were fed. 


The experiment with dogs 


The experiments with dogs were carried out as previously 
described (Mabee and Morgan, ’51). The growth efficiency of 
the milk proteins for 9 weanling cocker spaniels during 120 
days was observed and several blood analyses were made and 
nitrogen balances determined. No differences in the growth 
responses of the dogs were seen, nor were there significant 
differences in nitrogen retention or in hemoglobin or serum 
protein values. The protein efficiency varied from 8.6 to 10.3 
in terms of gain per gram of nitrogen eaten, a range similar 
to that previously found for casein. After 56 days the auto- 
claved milk was substituted for the unautoclaved in the diet of 
two of the dogs, but there was no detectable effect of this 
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during the remaining 64 days of observation. It was con- 
cluded that the three milk samples did not differ in value for 
dogs. 


The experiments with rats 


Three series of experiments on rats were conducted, using 
the unautoclaved and autoclaved dried skim milk samples as 
sole source of protein at the 12% level. The diets contained 
34% dried milk, 52% sucrose, 10% hydrogenated vegetable fat 
and 4% salt mixture.1 The vitamin supplements were fed 
separately in the following amounts per rat per day; thiamine, 
riboflavin, folic acid and pyridoxine each 20 yg, calcium panto- 
thenate and p-aminobenzoic acid each 100 pg, niacinamide 66 
ug, inositol 2.5 mg, choline 5 mg and biotin 2 yg. Vitamins A, 
D and E were fed in amounts to provide, per rat per day, 143 
and 15 1.U. of vitamins A and D and 3 mg a-tocopherol. For 
some groups 1% t-lysine dihydrochloride,? pt-methionine, L- 
valine, or 1% of all three of these amino acids, was added to 
the diets. The growth period observed was 28 days. 

The weight and moisture, fat and nitrogen content of the 
livers and kidneys were determined at the end of the feeding 
period and, in a group of weanlings comparable with the ex- 
perimental animals, at the start of the experiment. Pooled 
blood samples were examined for serum proteins at the end of 
the experiment. The weight of the carefully dissected eyes 
was also measured. 


RESULTS 


In the first experiment the protein efficiency for rat growth 
(table 1) of two of the unheated milk samples was found to be 
the same, confirming the results obtained with the dogs. One 
of these samples, no. 1, was then selected for further study and 
was fed as described, unautoclaved and autoclaved, along with 
the amino acid supplements. 

* Hubbell, R. B., L. B. Mendel and A. J. Wakeman, J. Nutrition, 14: 273, 1937. 


* The lysine was supplied by the Interchemical Corporation, Biochemical Divi- 
sion, Union, New Jersey, through the courtesy of Dr. M. G. Mulinos. 
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TABLE 1 


Protein efficiency for rats of unheated and autoclaved dried skim 
without amino acid supplements 
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milk with and 

















BODY WEIGHTS LIVER KIDNEY 
ne ‘ __-NITRO- NITRO- GAIN 
EXPERI. yyr1x surpuemenr At ater = Gen «0 GEN, GEN PER GRAM 
AT 1% LEVEL gin- 28 Gain INTAKE IN 28 IN 28 BATEN 
ning 898 DAYS DAYS 
gm gm gm gm mg mg gm + S.EB. 
a° Dried 
skim None 59 148 89 6.35 2.21 + 0.10 
milk 
no. 1 
Dried 
skim None 59 149 90 6.29 2.24 + 0.08 
milk 
no. 3 
23 Dried 
skim None 46 120 74 4.15 2.77 + 0.10 
milk 
no. 1 
Same, 
autoclaved None 46 88 42 4.35 1.51 + 0.06 
15 min. 
at 118°C. 
Same, 
autoclaved None 47 46 —1 2.54 — 0.09 + 0.01 
25 min. 
at 118°C. 
3° Dried None 43 107 64 3.54 81 14 2.90 + 0.12 
skim Lysine 43 105 62 3.37 72 9 2.93 + 0.05 
milk Methionine 44 108 64 3.25 95 17 3.16 + 0.09 
no. 1 Valine 43 99 56 3.25 62 14 2.73 + 0.07 
L. M. V. 44 103 59 3.70 88 16 2.55 + 0.07 
Dried 
skim None 41 59 18 3.23 8 3 0.89 + 0.02 
milk Lysine 41 106 65 4.86 79 15 2.15 + 0.04 
no. 1 Methionine 41 57 16 3.38 15 7 0.73 + 0.05 
autoclaved Valine 41 54 13 3.72 15 8 0.63 + 0.04 
15 min. L. M. V. 41 114 7% 5.20 106 19 2.37 + 0.03 
at 120°C. 
Dried 
skim None 43 41 —2 2.47 —3 5 —0.07 + 0.01 
milk Lysine 43 97 54 4.60 79 13 2.15 + 0.09 
no. 1 Methionine 43 42 —1 2.65 —4 9 0.03 + 0.04 
autoclaved Valine 44 46 2 3.02 —3 6 0.11 + 0.04 
25 min. L. M. V. 44 88 44 4.28 58 il 1.58 + 0.09 
at 120°C. 





* Twelve rats in each group, both sexes used. 
? Eight rats in each group, all males. 
* Eight rats in each group, all females. 
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In the second experiment the sample autoclaved for 15 
minutes proved to have lost nearly half its growth efficiency, 
and that autoclaved for 25 minutes had no growth value. At 
the end of the 28-day growth period the rats were divided into 
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Fig. 1 The growth of male rats fed dry skim milk as the source of protein for 
28 days after weaning: 1. Unautoclaved milk. 2. Milk autoclaved 15 minutes at 
120°C. 3. Milk autoclaved 25 minutes at 120°C. For the next 28 days amino acid 
supplements at 1% level were fed along with these milk samples. 
C — unsupplemented, L— lysine added, M—methionine added, V — valine 
added, LMV — lysine, methionine and valine added. (Experiment 2.) 


several subgroups and maintained for an additional 28 days 
with and without the amino acid supplements (fig. 1). Lysine 
and valine added to the unheated milk had no effect upon the 
animals, all of which maintained normal growth rates. Methio- 
nine and valine alone were ineffective supplements to the milk 
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autoclaved 15 minutes but lysine improved the protein so as 
to provide practically normal growth. The milk autoclaved for 
25 minutes was less completely but significantly improved by 
the addition of lysine or lysine, methionine and valine, but was 
not improved by the addition of either methionine or valine 
alone. 

In the third experiment 15 groups of 8 female rats each were 
placed simultaneously on the unheated and two autoclaved 
milk diets with and without the amino acid supplements of 
lysine, methionine, valine or all three of these amino acids, 
each at the 1% level. As is shown in table 1, the protein eff- 
ciency of the unautoclaved milk was slightly improved by the 
methionine, unaffected by the lysine or valine and definitely 
depressed by the combination of lysine, methionine and valine. 
Such a decrease has been noted frequently before, the explana- 
tion usually offered being that the excess of certain amino 
acids may exaggerate the deficiency of one or more others 
present in marginal amounts (Brown and Allison, 48; Mabee 
and Morgan, ’51). The milk autoclaved for 15 minutes had a 
growth efficiency less than one-third that of the unheated milk. 
The addition of 1% lysine and 1% each of lysine, methionine 
and valine produced greatly improved efficiencies but methio- 
nine and valine supplements were of no avail. The milk auto- 
claved for 25 minutes, alone or supplemented by methionine or 
valine, barely maintained life and nearly all the rats fed this 
sample lost weight. Addition of lysine or lysine, methionine 
and valine restored most of the protein efficiency. Obviously 
the chief loss produced by the autoclaving was in lysine, and 
supplementation which did not include this amino acid was 
useless. 

The gain per gram of protein intake obtained from the un- 
autoclaved milk in the three growth experiments is seen to 
vary from 2.21 to 2.90. This variation was due to differences 
in initial weight, sex, season and possibly other factors. Each 
group of the control rats may therefore be compared only with 
the other groups in the same series. . 
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Efficiency for kidney and liver protein production 


The liver and kidney weights of the rats in the second and 
third experiments fell in the same range per 100 gm body 
weight — 3.7 to 4.9gm for the livers and 0.7 to 1.3 for the 
kidneys. The gain in liver and kidney nitrogen was calculated 
from a base line provided by analysis of these organs in a 
group of weanling rats comparable with the experimental 
animals. These young rats at 21 days of age, with an average 
body weight of 43 gm, had 4.51 + 0.11 gm liver and 1.23 gm 
kidney per 100 gm body weight, 61 mg total liver nitrogen and 
15 mg total kidney nitrogen. The gains in liver and kidney 
nitrogen during the feeding period (table 1) indicate the value 
of the methionine supplement to the unautoclaved milk with 
respect to the growth of both organs. Lysine and valine may 
have depressed liver growth slightly, and lysine depressed 
kidney growth. For animals on the milk autoclaved 15 minutes, 
lysine alone or with methionine and valine restored the liver 
and kidney production to normal or better, and for those on 
the milk autoclaved 25 minutes they improved both. 

When the efficiency of the diets in production of liver and 
kidney protein was calculated, it was evident that lysine im- 
proved the autoclaved milks remarkably in regard to liver but 
less markedly in regard to kidney. Valine and methionine 
were of little value. Similar results in liver production effi- 
ciency were seen in experiment 2 (fig. 2), in which 56 days of 
growth were observed, during the latter 28 days of which the 
supplements were fed. The gains in liver and kidney protein 
per 100 gm body weight shown in figure 3 indicate the same 
results as did the efficiency ratios. The persistent growth of 
the kidneys even when body and liver weights were being lost 
is notable. Harris et al. (’43) noted persistence of the growth 
of the kidneys and eyes of rats maintained without loss or gain 
of weight on lysine-deficient diets. The utilization of available 
lysine for fixed priorities among the tissues might account for 
this. 
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The weights of the eyes 


The weights of the eyes of all the rats are given in table 2. 
Obviously there was little difference among the groups in ab- 
solute values but marked differences in proportion to body 
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Fig. 2 Liver nitrogen stored per gram nitrogen eaten in 56 days, 28 days on 
the milk diets alone followed by 28 days with amino acid supplements. (Experiment 
2.) See figure 1 for growth of these rats. 
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Fig. 3 Liver and kidney nitrogen, in milligrams per 100 gm body weight, stored 
in 28 days by young rats on unautoclaved and autoclaved dry milks with and with- 
out amino acid supplements. (Experiment 3.) 
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weight. The weights of the eyes in milligrams per 100 gm body 
weight of all the groups fed the unautoclaved skim milk were 
alike, 150 to 162, except for the valine-supplemented group, 
172. The latter had somewhat depressed body weight but 
normal eye size. The absolute weights of the eyes of the rats 
fed autoclaved milk diets with or without the amino acid 
supplements were similar to those of the normal controls, 153 


TABLE 2 


Growth of eyes of rats fed dried skim milk unheated and autoclaved for 15 or 25 
minutes at 120°C. with and without supplements of amino acids 


(Experiment 3) 








MILK SUPPLEMENT NO. OF WEIGHT WEIGHT 
AT 1% LEVEL RATS OF EYES OF EYES 
mg + 8.E. bow de 

None 6 161 + 11 155 
. ‘ Lysine 8 170+ 8 162 
Dried skim Methionine 7 184 +11 156 
milk no. 1 Valine 7 166+ 4 172 
L. M.V. 6 152+ 7 150 
None 8 155+ 4 266 
Same, eute- Lysine 8 72+ 5 162 
claved Methionine 8 154+ 5 274 
aS ame. Valine 7 158+ 5 308 
at 120°C. L. M.V. 8 171+ 5 150 
None 7 153+ 5 371 
Same, auto- Lysine 8 153+ 7 160 
claved Methionine 8 157+ 2 365 
- ome. Valine 7 164 7 365 
at 120°C. L. MV. 7 156+ 5 172 





to 172 gm, but in proportion to body weight only the lysine- 
supplemented groups were in the normal range. Possibly the 
rate of growth of the eyes of rats during the 28 days following 
weaning is slight, since the eyes are known to be relatively 
well developed at 21 days of age in comparison with other tis- 
sues. Pirie (’48) reported normal growth of the eyeballs in 
both viboflavin- and tryptophan-deficient rats even though 
general body growth was inhibited. 
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Serum proteins 


The serum protein level was depressed in the autoclaved 
milk-fed groups, due almost entirely to a decrease in the albu- 
min fraction. This was remedied completely by the addition 
of lysine alone or with methionine and valine (table 3). Lysine, 
methionine and valine additions separately tended to increase 


TABLE 3 
Serum protein levels of rats fed skim milk unheated and autoclaved 15 or 25 
minutes at 120°C. with and without amino acid supplements 


(Experiment 3) 








stu fee pone Sora aumomrs topeurs—a/a 
gm % gm % gm % 

None 5.17 3.42 1.75 2.0 
Dried Lysine 4.89 3.73 1.16 3.2 
okim Methionine 5.44 3.93 1.51 2.6 
milk Valine 5.44 3.67 1.77 2 
no. 1 L. MV. 5.23 3.53 1.70 2.1 

None 4.17 2.53 1.64 1.5 
Same, Lysine 5.14 3.73 1.41 2.6 
autoclaved Methionine 4.46 3.16 1.30 2.4 
15 min. Valine 4.23 3.27 0.96 3.4 
at 120°C. L. M.V. 5.21 3.59 1.62 2.9 

None 4.21 2.50 71 15 
Same, Lysine 5.12 3.59 1.53 2.3 
autoclaved Methionine 3.69 2.04 1.65 1.2 
oom. Valine 4.32 3.04 1.28 2.4 
at 120°C. L. M. V. 5.39 3.67 1.72 2.1 


| 
| 
| 





the serum albumin and depress the globulin levels, but when 
all three were given both albumin and globulin levels were 
raised to the normal levels seen in the animals fed the unauto- 
claved milk both with and without these three amino acids. 
The methionine and valine additions separately had little sup- 
plementary value for the autoclaved milks. 
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DISCUSSION 


The greater sensitivity of milk proteins to autoclaving than 
to dry heating is shown by these experiments. Autoclaving at 
118° or 120°C. for 15 minutes appeared to destroy from one- 
half to two-thirds of the biological value of these skim milk 
proteins, and autoclaving for 25 minutes left the product with- 
out growth value for rats. Dry heating at these temperatures 
for longer periods than these has been shown to produce signifi- 
cant but much less marked changes in casein and lactalbumin 
(Morgan, ’31; Cook et al., 51). The changes produced ap- 
peared to involve chiefly loss of lysine, since addition of 1% 
lysine either alone or with equal amounts of valine and methio- 
nine improved the diets markedly, while similar additions of 
valine or methionine alone were without effect. This con- 
firms the work of Henry et al. (’46), who noted that 
the Maillard reaction occurred in dry skim milk only when 
the moisture content was above 3%, and who also observed 
that the presence of oxygen was not required for this 
reaction. 

The overheated milk used in the experiments of Cook et al. 
(51) was autoclaved in closed cans for 15 minutes at 117°C. 
after 17% condensation and was not further heated after the 
spray drying had reduced it to the solid form. The efficiency 
of these heated milk proteins was lowered 24% as compared 
with the unheated control sample. In contrast, the same 
amount of autoclaving applied to the dry milk in the present 
experiments lowered the protein efficiency 45% in one experi- 
ment and 70% in another. Apparently the mild conditions set 
up by Lea and Hannan (’50), under which a dry sugar-casein 
mixture deteriorated in storage, were here exaggerated 
greatly, with similar but more drastic losses of the biological 
value of the protein. The chief but not the only loss was that 
of lysine, with no detectable losses of methionine or valine. 
If the latter two amino acids were affected during the reaction, 
they were largely set free during digestion. 
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SUMMARY 


Three samples of dry skim milk supposedly processed at 
different temperatures were found to have similar solubilities 
and identical protein efficiencies for the growth of young dogs. 
After 56 days, two of the dogs were fed a diet containing milk 
autoclaved 15 minutes at 118°C., but again no striking changes 
in growth, appetite, nitrogen retention or serum protein re- 
sulted. 

Two of the unheated milk samples and one autoclaved for 
15 or 25 minutes at 120°C. were then fed at a 12% protein 
level to groups of rats, alone and supplemented by lysine, 
methionine, valine or all of these amino acids at the 1% level. 
The milk autoclaved for 15 minutes lost from one-half to two- 
thirds of its growth efficiency but this was largely restored by 
the lysine or lysine, methionine and valine supplement. The 
sample autoclaved for 25 minutes did not support growth ex- 
cept when lysine-supplemented. 

The efficiency for liver and kidney protein production of 
these diets was not identical, since lysine supplementation in- 
creased liver growth in all cases more than kidney growth. 
Kidney growth was less depressed in all cases by the autoclav- 
ing than the growth of the liver or total carcass. The weights 
of the eyes were remarkably constant regardless of growth 
failure. The serum protein levels were depressed in the groups 
fed the autoclaved diets but lysine supplementation restored 
these levels to normal. 

The loss of protein value of dry milk proteins exposed to 
steam autoclaving for 15 or 25 minutes is thus contrasted with 
the relatively mild changes produced in liquid milk concen- 
trates or in casein and lactalbumin by dry heating. 
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FURTHER STUDIES ON THE MONKEY ANTI- 
ANEMIA FACTOR DEFICIENCY PRODUCED 
BY RIBOFLAVIN DEFICIENCY? 
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TWO FIGURES 


(Received for publication June 22, 1951) 


Previous studies in this laboratory on the nutrition of the 
rhesus monkey revealed a unique condition precipitated by 
certain B vitamin deficiencies. Monkeys fed a purified diet 
deficient in riboflavin, pyridoxine, pantothenic acid or pter- 
oylglutamic acid (PGA) lost weight and developed a blood 
dyscrasia which included anemia, leukopenia and an altered 
ratio of certain types of leukocytes. Administration of the 
missing vitamin produced suboptimum responses in rate of 
gain and blood regeneration. Additional improvement was 
obtained by the administration of certain liver products or 
milk, and the effectiveness of these materials was attributed 
to an unidentified substance named the monkey anti-anemia 
factor (MAAF'; Cooperman et al., ’45a, b, 46a, c; McCall et al., 
46). It is important to emphasize that this condition develops 
only when one of these B vitamins is omitted from the ration. 
If the animals are given the purified ration supplied with 10 
B vitamins from the beginning, normal growth and blood 
production result. 

Smith and Elvehjem (’51), using PGA-deficient monkeys, 
found that remission of the deficiency syndrome was obtained 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station; aided by a grant from the National Foundation for In- 
fantile Paralysis, Incorporated. 
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with 1 mg of PGA per day, although previously levels of this 
vitamin as high as 0.6mg per day had proved ineffective 
(Cooperman et al., ’46a; Ruegamer et al., ’48). Similar ef- 
fects of limited duration were achieved with a methanol ex- 
tract of liver (MEL; Schaefer et al., 48) containing very 
little PGA. Eventually it became necessary to supply PGA 
to the animals receiving MEL, but the amount required was 
only one-half the minimum daily requirement of the monkey, 
as contrasted with the large amount needed in the absence 
of MEL. Vitamin B,. was somewhat effective in restoring 
a normal blood picture in animals not severely deficient, but 
was of little value in the treatment of the more deficient mon- 
keys. In no instance was the loss of weight arrested by vita- 
min By. 

The present studies were undertaken to determine if the 
results obtained with PGA-deficient monkeys could be dup- 
licated in animals suffering from a deficiency of riboflavin. 


EXPERIMENTAL AND RESULTS 


The housing, care and handling of the monkeys have been 
described previously (Waisman et al., 43). The basal ration 
was composed of sucrose 73, casein 18,? salts IV 4 and corn 
oil* 5%. A riboflavin-deficient vitamin supplement was given 
daily which included thiamine hydrochloride 0.5 mg, niacin 
5mg, pyridoxine hydrochloride 1 mg, calcium pantothenate 
3 mg, biotin 0.02 mg, choline chloride 25 mg, i-inositol 50 mg, 
sodium p-aminobenzoate 100 mg, ascorbic acid 25 mg and PGA 
0.1mg. Methanol extract of liver (MEL), when given, was 
administered by stomach tube as the animals found it un- 
palatable. The monkeys were weighed weekly and blood ex- 
aminations were made at appropriate intervals on samples 
withdrawn from the saphenous vein of the leg. Hemoglobin 
(Hb) was determined in the Evelyn photoelectric colorimeter, 
and red blood cell (RBC) and white blood cell (WBC) counts 


* Vitamin-test ; General Biochemicals, Inc., Chagrin Falls, Ohio. 
* Mazola fortified with oleum perecomorphum (Mead Johnson and Co., Evansville, 
Ind.) to supply vitamins A and D. 
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were made in the usual manner. Differential WBC counts 
were made on preparations stained with Wright’s stain. 

Eleven young monkeys weighing from 1.6 to 2.7kg were 
placed on the riboflavin-deficient regimen and continued to 
gain weight for one to three months. Following the weight 
peak the animals lost weight gradually, and this was accom- 
panied by a deterioration of the blood picture. After 5 to 6 
months typical signs of riboflavin deficiency as described by 
Waisman (’44) were manifest. These included anemia, leuko- 
penia and dermatitis. All monkeys developed dysentery dur- 
ing the third month on the deficient diet. However, this con- 
dition responded well to sulfasuxidine, which indicated that 
it was less severe than when induced by a deficiency of PGA. 
Blood analyses revealed the following ranges: Hb 6.7 to 
10.7 gm %, RBC counts 2.9 to 4.6 million per mm* and WBC 
counts 4.4 to 22.8 thousand per mm!® (table 1). Eight of the 
animals exhibited reversed neutrophile-lymphocyte (N/L) 
ratios. 

Riboflavin was administered at a level of 1mg per day, 
which is at least twice the amount required by the growing, 
normal monkey. The initial response to this therapy was uni- 
formly good. All animals registered weight gains and im- 
proved blood pictures; reversed N/L ratios became normal. 
The dermatitis also began to clear in about two days. Even- 
tually in 8 monkeys a point was reached beyond which further 
improvement in weight and blood regeneration did not re- 
sult. This was the plateau condition which has been attributed 
to a lack of MAAF. When this plateau had continued for at 
least 4 weeks, therapy with 1mg PGA or 2ml MEL per day 
was instituted. Those monkeys getting PGA continued to 
receive 1 mg riboflavin, but those being fed MEL received 
only 0.8mg, since the extract contributed 0.2mg of this 
vitamin. 


PGA therapy 


Table 1 gives growth and hematological data for monkeys 
506, 507, 510 and 514, that received therapy with PGA. Fig- 
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TABLE 1 
Growth and hematological responses of riboflavin-deficient monkeys to riboflavin, 
PGA and methanol extract of liver ° 
= a... WEEKS WEIGHT Hb RBC WBC 
gm oo Seat poe 
Riboflavin-PGA therapy 
506 No B, 18 1,790 8.4 4.2 22.8 * 
lmg B, 20 2,685 12.1 5.3 41.3 
l1mg PGA + 1mg B, 16 3,215 12.4 6.1 36.6 
0.5 mg B, 5 3,365 12.8 6.6 33.1 
lmg PGA 6 3,735 13.4 6.1 32.5 
507 No B, 21 2,315 9.5 4.3 8.3 
1 mg B, 16 3,290 11.3 5.2 18.6 
1lmg PGA + 1 mg B, 16 3,455 12.4 6.4 23.9 
0.5 mg B, 5 3,600 11.6 6.7 22.7 
lmg PGA 5 3,720 14.0 6.4 21.1 
510d No B, 17 2,205 7.0 3.8 7.5 
1mg B, 15 3,000 11.2 6.5 23.1 
lmg PGA + 1mg B, 20 3,545 12.5 6.6 28.5 
0.5 mg B, 6 3,615 12.1 6.3 20.2 
lmg PGA 4 3,755 13.1 6.8 31.3 
514g No B, 19 2,270 7.9 3.3 14.2 * 
1 mg B, 9 2,885 12.6 3.5 10.5 
1lmg PGA + 1 mg B, 20 3,645 13.7 5.5 18.2 
0.5 mg B, 5 3,740 14.5 6.9 19.2 
0.5 mg B, 10 3,965 15.0 6.5 21.0 
Riboflavin-MEL therapy 
508 9 No B, 19 2,330 10.7 3.7 8 .7 
lmg B, 22 3,360 14.0 5.6 18.6 
2 ml MEL + 0.8 mg B, 13 3,740 11.2 6.1 19.4 
0.5 mg B, 5 3,795 11.8 4.9 17.3 
2ml MEL 5 3,935 13.0 5.6 22.9 
5119 No B, 17 2,030 7.5 4.0 14.0 * 
1mg B, 17 2,690 11.6 4.4 20.3 
2 ml MEL + 0.8 mg B, 18 3,500 12.0 6.0 22.7 
0.5 mg B, 5 3,440 11.7 4.6 14.1 
2ml MEL 6 3,415 14.0 5.8 21.3 
5139 No B, 19 2,295 6.8 3.8 4.6 
lmg B, 4 2,980 11.5 3.5 8.5 
2ml1MEL+0.8mgB, 21 3,725 13.9 7.0 15.5 
0.5 mg B, 11 3,770 13.0 5.6 17.7 
2ml MEL 4 3,800 13.8 6.1 14.7 
516d No B, 17 2,180 6.7 2.9 4.4 ° 
1 mg B, 4 3,095 12.5 4.9 11.4 
2 ml MEL + 0.8 mg B, 26 3,775 11.2 6.0 8.3 
0.5 mg B, 5 3,850 13.0 4.5 20.7 
2ml MEL 5 3,920 13.5 4.8 17.3 





*N/L ratio reversed. 
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ure 1 is a graphical presentation of the data for monkey 
506. Increasing the PGA to 1mg per day for a period of 
16 to 20 weeks resulted in weight gains and better blood pic- 
tures for all 4 monkeys. Once this improvement had been 
secured, the PGA was reduced to 0.1 mg and the riboflavin 
to 0.5 mg per day to determine if the favorable trend would 
continue on these levels. Monkey 514 did continue to gain 





14 Gu. % HB. ——— MONKEY sos # 
pt ~ SR eee eee ~ 
* y.ti«i‘(«#(# eepstet teal’ s 
. 
2 wec =  * --* 
- 40,000 





ae 
— 
10 a 
3700 = 


r 30, 


. 
. 
. 
. 
. 
va 

« 

+20, 

10, 


asco 
7,000,000 


32004 





2100 4 


WEIGHT IN GRAMS 





2200“ 


‘T0044 





Tier li nerca 
PGA/Dat wan Dav 
i 4 i 





Ne 8, Ul ime By /Oar ' | we PGA/Day 
i 





iL i A L 4 i 1 Plu we Bon i i 


Fig. 1 (Monkey 506). The effects of a high level of PGA on the MAAF 
deficiency syndrome precipitated by riboflavin deficiency. 





weight, and the Hb proceeded to a normal value. The other 
three monkeys also continued to gain weight, and the Hb 
value and RBC count of monkey 506 increased slightly. How- 
ever, monkeys 507 and 510 exhibited a decrease in Hb con- 
centration after 5 to 6 weeks. Upon again increasing the 
PGA to 1 ing per day for 4 to 6 weeks, normal Hb values for 
these three animals were obtained. 

From this it may be seen that a high level of PGA is ef- 
fective in restoring weight gain and bringing about optimum 
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blood regeneration in monkeys formerly deficient in riboflavin 
which have received the maximum benefits possible from ribo- 
flavin alone. That the beneficial effects of the PGA must be 
well established before the supply of this vitamin is decreased 
to the normal daily requirement level is inferred from the 
fact that three of the 4 animals were unable to attain Hb val- 
ues within the normal range on 0.1 mg per day, even after 
receiving 1 mg of the vitamin daily for 16 to 20 weeks. 
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Fig. 2 (Monkey 513). The effects of MEL on the MAAF deficiency syndrome 
precipitated by riboflavin deficiency. 


MEL therapy 


Monkeys 508, 511, 513 and 516 received 2ml MEL per day 
after the plateau condition had become well established. 
Weight gains were obtained in all 4 animals, and monkeys 
511 and 513 also showed improvement in all the blood ele- 
ments. Figure 2 shows these changes graphically for animal 
513. The MEL produced an increase in RBC count in mon- 
keys 508 and 516, but this was accompanied by a decrease in 
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Hb concentration. The time required for the efficacy of the 
MEL to become noticeable seems to be a highly variable fac- 
tor, since essentially the same response was obtained in 
animals 508 and 516, which received therapy for 13 and 26 
weeks, respectively. On the other hand, the blood pictures 
of monkeys 511 and 513 improved in all aspects in 18 to 21 
weeks. Upon discontinuing the MEL, only a slight weight 
gain or a weight loss resulted. In addition, only animals 513 
and 516 had blood values that approximated those of non- 
deficient monkeys. The reinstatement of MEL therapy fav- 
ored a normal condition in all animals. 


Riboflavin therapy 


Of the 11 monkeys used in this study, three did not exhibit 
a plateau condition for as long as 4 weeks. Progressive in- 
creases in weight and constantly improving blood pictures 
throughout a period of 59 to 64 weeks evinced no need for 
any factor other than riboflavin. 


DISCUSSION 


In 8 of 11 riboflavin-deficient monkeys the capacity to gain 
weight and attain normal hematological values was restricted 
when riboflavin alone was administered in amounts at least 
twice that required by the normal monkey. Given sufficient 
time, this limitation could be abolished through the use of PGA 
at a level 10 times the daily requirement. Methanol extract of 
liver equivalent to 18 gm of fresh liver per day and contain- 
ing only 4ug of PGA was effective to the same extent. 

Since a response similar to that obtained with PGA was 
achieved by use of the MEL, it appears unlikely that the pri- 
mary need precipitated by a deficiency of riboflavin in the 
monkey is for PGA. Rather it seems that the efficacy of the 
MEL is due to its content of the MAAF, and that the effect 
of a high level of PGA is to promote synthesis of this sub- 


stance. 
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Cooperman et al. (’46b), in attempting to produce a niacin 
deficiency in the monkey, found that inclusion in the diet of 
40% of corn grits produced the syndrome typical of a de- 
ficiency of the MAAF. This condition did not respond to 
niacin or tryptophan or a combination of the two, but prompt 
remission was obtained with liver products containing MAAF 
activity. Subsequently, Ruegamer et al. (’48), using the corn 
grits diet to produce assay monkeys suitable for deter- 
mining the MAAF activity of various materials, demon- 
strated that the typical syndrome was precipitated even in 
the presence of normally adequate amounts of all the B vita- 
mins. The requirement of the monkey for an exogenous supply 
of MAAF, then, seems to be dependent in part on the type 
of diet, and the effect of the diet may be to favor the estab- 
lishment of a particular intestinal flora which produces the 
factor. 

The fact that three monkeys in the present studies con- 
tinued to respond to riboflavin therapy alone supports this 
hypothesis. It is conceivable that in these animals the proper 
flora to produce the MAAF in quantities commensurate with 
the need was more easily established. 


SUMMARY 


Young rhesus monkeys fed a purified diet deficient in ribo- 
flavin developed a condition which did not respond com- 
pletely to riboflavin therapy. The initial improvement was 
followed by a period of suboptimum growth and blood pic- 
ture. This syndrome, characteristic of a lack of the MAAF, 
was alleviated by PGA at a level 10 times the minimum 
daily requirement of the normal monkey. A methanol extract 
of liver of very low PGA content was likewise effective. 

It is suggested that the efficacy of the liver extract was due 
to its content of the MAAF, and that of the PGA is attributed 
to its favorable influence on ‘the intestinal flora which pro- 


duce this factor. 
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THE FORTIFICATION OF BREAD WITH LYSINE 


I. THE LOSS OF LYSINE DURING BAKING ' 
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New Brunswick, N. J. 


(Received for publication July 30, 1951) 


It has been known for some time through the classic studies 
of Osborne and Mendel (’14, 19) that the protein of wheat 
is deficient in lysine. White flour produced by modern milling 
procedures is even lower in this amino acid. The practice of 
the American baker of adding to flour 3% to 6% nonfat milk 
solids effectively raises the lysine content of bread, but in the 
bread protein lysine is still the limiting amino acid. Efforts 
to raise the lysine level by the addition of larger quantities of 
milk solids or dry yeast have not been successful because the 
taste or texture of the bread is adversely affected by such 
additions. Lysine, either in the naturally occurring u-form 
(Block et al., 46) or in the pt-form (Light and Frey, ’43), has 
been used in the preparation of cake and bread, but the utiliza- 
tion of lysine has not been thoroughly studied, probably be- 
cause this amino acid has not been available in sufficient 
quantities. Recently, however, several syntheses for lysine 
have been suggested (Rogers et al., °49; Whetstone and Bal- 
lard, 50; Degering and Boatright, 50; Shechter and Kirk, 
50). In this paper we wish to report our findings on the 
heat destruction of lysine during baking. It is planned to 
discuss the nutritional value of lysine-fortified bread else- 
where. 


* Presented September 4, 1950, before the Division of Agriculture and Food 
Chemistry, 118th National Meeting, American Chemical Society, Chicago, Illinois. 
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EXPERIMENTAL 
Microbiological assay for lysine 


Lysine was determined by the method of Stokes et al. (’45), 
with the following modifications: Glucose was replaced by 
sucrose in the culture medium according to a suggestion made 
by Hill and Patton (’47) and by Patton et al. (’48), and 
the time interval for the acid hydrolysis of the samples was 
shortened to 5 hours. 


TABLE 1 


Loss of lysine during normal bread baking 





% UYSINE IN 








EXPERIMENT Yo LYSINE 

No. Dough — —_ LOST 

6 0.42 a 0.41 2.4 

11 ape 0.44 0.37 15.9 
13 0.45 0.44 0.38 15.5 
15 0.47 0.47 0.44 6.4 
16 0.45 0.47 0.44 6.4 
61 ' 0.37 0.35 5.4 
62-1 0.50 0.45 10.0 
62-2 0.57 0.51 0.48 15.8 
Average 11.0 





Bread baking 


At first (experiments 6 to 13, tables 1 and 2) a prepared 
flour mix, sold on the open market for home baking, was 
used. In experiments 15 and 16 commercial flour was used 
in the following basic bread formula: flour 100 parts, water 65, 
salt 2, shortening 2, sugar 6, dry skim milk 3, yeast 2, yeast 
food 0.25. Baking experiments 61 and 62 were carried out by 
a commercial baker with different types of flour and modified, 
practical bread formulas. 

Lysine was added to flour in an amount equivalent to one- 
fifth part of L-lysine; i.e., one-half part of p1-lysine - HCl or 
twenty-five-hundredths parts t-lysine - HCl per 100 parts of 
flour. 
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The color of the crust of the loaves fortified with lysine was 
a darker shade of brown than the crust of the control loaves. 
At the level of lysine fortification used in these experiments 
there was also a slight change in taste. While not recognized 
by all who tasted the fortified bread, the difference was vari- 
ously described as ‘‘more salty’’ or ‘‘more tasty.’’ The lysine 


TABLE 2 
Loss of ‘‘added’’ lysine 




















an Se ares: % ADDED LYSINE % ADDED LYSINE 
™. ~~ an | Found Cale. Lost 
pL-lysine - HCI 
additions 
6 0.59 0.41 0.18 0.21 14.3 
10 0.56 0.37 0.19 0.21 9.5 
11 0.53 0.36 0.17 0.20 15.0 
13 0.54 0.38 0.16 0.21 23.8 
15 0.62 0.44 0.18 0.22 18.2 
16 0.61 0.44 0.17 0.19 10.5 
61 0.50 0.35 0.15 0.18 16.7 
Average 15.4 
L-lysine - HCl 
additions 
11 0.51 0.36 0.15 0.20 25.0 
15 0.59 0.44 0.15 0.22 31.8 
61 0.47 0.35 0.12 0.18 33.3 
62 0.60 0.48 0.12 0.19 36.8 
Average 31.6 





did not interfere with the fermentation of the dough and the 
texture of the bread was judged by a commercial baker as iden- 
tical with that of his regular loaves. 


Loss of lysine during normal bread baking 


The loss of lysine normally present in the bread ingredients 
was determined by analyzing both the dough and the bread. 
All analytical data given in the tables were calculated on the 
dry basis. Data for the lysine content of the inside of the 
loaves are also given. 
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Loss of ‘‘added’’ lysine from vu-lysine - HCl and from 
L-lysine - HCl 


In order to determine the loss of ‘‘added’’ lysine through- 
out these experiments, lysine determinations were carried 
out on regular and on fortified loaves baked side by side 
under identical conditions. The difference in lysine content 
is a measure of the recovery of the ‘‘added’’ lysine. The 
amount of ‘‘added’’ lysine was calculated from the weight of 
the actual lysine addition adjusted to the dry weight ofall 
bread ingredients. 


DISCUSSION 


It is evident from the data in table 1 that some of the lysine 
occurring naturally in bread ingredients is lost during bak- 
ing. This, of course, had been expected on the basis of ac- 
cumulated knowledge of the heat destruction of lysine (Pat- 
ton, 50). The actual amount lost varies considerably, but 
in general is a function of such factors as time and tempera- 
ture. Most of the destruction takes place at the crust, where 
the browning or Maillard reaction occurs. On the other hand, 
the lysine content inside of the loaves was essentially the same 
as the lysine content of the dough. If this is true, it should 
suffice to analyze the inside of a loaf of bread and the total 
loaf in order to determine the loss of lysine during baking. 
This procedure, when applied to a number of loaves bought 
on the local market, indicated that the lysine loss of com- 
mercially baked bread (e.g., found 10.2% and 13.5%) is ap- 
parently of the same order of magnitude as that found in 
laboratory experiments. 

Bread is not a stable commodity and the lysine content 
is subject to further destruction. Toasting a slice of bread 
reduces the lysine content by 5 to 10% (untoasted 0.372%, 
toasted 0.344%; loss 7.5%; for lysine-fortified bread: un- 
toasted 0.564%, toasted 0.536%; loss 5%). When slices of 
bread are ‘‘staled’’ by drying in a stream of air overnight 
a similar loss occurs (fresh 0.406%, stale 0.380% ; loss 6.4% ; 
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for lysine-fortified bread: fresh 0.589%, stale 0.565%; loss 
4%). 

The baking loss of added lysine depends, as is shown in 
table 2, upon the compound used for fortification. The loss 
from pt-lysine - HCl is modest (average 15%) and of the 
same order of magnitude as the loss of the lysine naturally 
present in bread ingredients (average 11%). On the other 
hand, the loss from t-lysine - HCl is considerably greater 
(average 32%). It may be assumed that an equal number 
of lysine molecules is destroyed regardless of the compound 
used. In the case of L-lysine all molecules destroyed repre- 
sent a loss in microbiological response, whereas only half 
of the molecules of the pt-form destroyed are lost. 


SUMMARY 


The loss of lysine in bread due to baking was found to be 
about 15% by microbiological assay. The loss varied from 9.5 
to 23.8%. 

Bread was baked from flour to which was added 0.5% pbL- 
lysine - HCl or 0.25% t-lysine - HCl, amounts equivalent to 
0.2% u-lysine. The destruction of added lysine was deter- 
mined by comparison of the lysine content of this bread with 
that of loaves prepared from unfortified flour. In the bread 
to which pi-lysine - HCl was added the loss of L-lysine was 
found to average 11%, ranging from 2.4 to 21.8%. This loss 
was of the same order of magnitude as that found in the un- 
fortified bread. Using the t-lysine - HCl-fortified formula, 
loss was considerably higher, averaging 32% and ranging be- 
- tween 25 and 36.8%. 

Toasting a slice of bread reduced the lysine content by 5 
to 10%. A similar loss occurred when bread became stale 
and dry. 
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THE LACK OF A CORRELATION 
BETWEEN THE GROWTH RESPONSE OF THE FAT- 
DEPLETED RAT TO ESSENTIAL FATTY 
ACIDS AND THE TOCOPHEROL 
CONTENT OF THE DIET? 
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AND HARRY J. DEUEL, JR. 


Department of Biochemistry and Nutrition, University 
of Southern California, Los Angeles 


(Received for publication July 16, 1951) 


There is considerable evidence that tocopherol may play 
an important role in the utilization of vitamins, as well as 
in the metabolism of other nutrients. Thus, in a series of 
covitamin studies, Hickman et al. (’44) reported that the 
activity of vitamin A was enhanced when natural tocopherol 
concentrates were present, while Harris et al. (’44) have 
noted a similar phenomenon in the relationship of tocopherol 
to carotene. It has also been reported that tocopherol is re- 
lated to phosphorus metabolism (Weissberger and Harris, 
43), as well as to that of protein (Hove, ’46; Hove and Har- 
ris, ’47, ’50). 

In addition, Hove and Harris (’46) have indicated that 
a-tocopherol potentiates the growth-promoting activity of the 
essential fatty acids, particularly when the latter are ad- 
ministered at low levels. These workers used only male rats 
in their tests. 


1 Contribution 290 from the Department of Biochemistry and Nutrition, Uni- 
versity of Southern California. 

*Lever Bros. Fellow. The data are taken from a thesis presented by Lilla 
Anisfeld to the Graduate School of the University of Southern California in 
partial fulfillment of the requirements for the degree of Master of Science. 
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In an earlier report from our laboratory (Greenberg et al., 
50), a linear relation between logarithm dose and gain in 
weight was obtained for male rats receiving from 5 to 50mg 
of methy! linoleate daily, in spite of a relatively low intake 
of a-tocopherol (0.44mg daily). More recent unpublished 
tests have indicated that a logarithmic relationship between 
dosage of essential fatty acids and gain in weight still obtains 
in male rats, at least up to a dosage of 200 mg per day (Deuel 
et al., 51). 

On the other hand, Deuel et al. (’50) failed to demonstrate 
any increased growth response in fat-deficient female rats 
when the dosage of linoleate was increased from 20 to 60mg 
daily. However, a marked augmentation in growth rate was 
observed immediately after the rats were transferred to a 
10% cottonseed oil diet. These results suggested the possi- 
bility that the failure to obtain an increased response from 
higher dosages of essential fatty acids in the case of the 
female rats might be ascribed to the deficiency in a-tocopherol 
intake (0.11 mg daily) in the earlier part of this experiment. 
The possibility also exists that the discrepancy noted between 
the responses of male and of female rats to linoleate may be 
ascribed to a higher tocopherol requirement for the female rat. 

Hirsch and Jacquot (’49) have suggested that a deficiency 
similar to that caused by avitaminosis E can be produced in 
the rat when extremely high doses of unsaturated acids are 
given. 

In a second series of tests from our laboratory (Greenberg 
et al., 50) in which a considerably higher dosage of a-toco- 
pherol was employed (0.44 mg/day), the growth response of 
female rats to 20 mg of methyl linoleate was not greater than 
that resulting from a supplement of 10 mg daily, while some 
suppression in growth apparently ensued when the intake 
of essential acids was increased to 50 mg daily. 

In view of the results of Hove and Harris (’46), the present 
experiments were undertaken to determine whether the sex 
differences in response to linoleate which were found in our 
laboratory might be related to the tocopherol] intake. 
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EXPERIMENTAL 


The animals used in the tests were obtained from our stock 
colony. Weanling rats from mothers previously on a low-fat 
diet were placed on the fat-depletion diet given in table 1. 

During the depletion period (11 to 12 weeks), vitamins A, 
D, and E (a-tocopherol)* were administered orally twice a 
week in a propylene glycol solution by means of a graduated 
tuberculin syringe. The a-tocopherol was supplied during the 


TABLE 1 


The composition of the fat-low diet 








DIET COMPONENT PER CENT 
Casein, vitamin-test (General Biochemicals, Inc). 20 
Sucrose 72 
Salt mixture (Osborne-Mendel) 4 
4 


Cellulose (Cellu flour, Chicago Dietetics Supply House) 
Synthetic vitamin mixture * 





*The following synthetic vitamins were added per kilogram of food: thiamine 
chloride - hydrochloride and riboflavin, each 72 mg; pyridoxine hydrochloride, 27 
mg; calcium pantothenate, 67 mg; nicotinic acid, 10 mg; é-inositol, 500 mg; para- 
aminobenzoic acid, 200 mg; folic acid, 10mg; menadione, 5mg; d-biotin, 1 mg; 
and choline chloride, 1.2 gm. We wish to thank Hoffmann-La Roche, Inc., for the 
biotin, Lederle Laboratories for the folic acid, Corn Products Refining Co. for the 
inositol, and Merek and Co., Inec., for the remainder of the synthetic vitamins. 


depletion period at a level of 0.1 mg, vitamin A at 100 U.S.P 
units, and vitamin D at 10 U.S.P units per day. 

When the weight of the animals had remained constant for 
three weeks, they were considered to be depleted of essential 
acids, and were then distributed among the different experi- 
mental groups. Fifteen groups of male rats and 14 groups of 
female rats were employed. Methyl linoleate was fed in daily 
amounts of 0, 5, 20 and 100 mg in the tests with both sexes, 
without or with several levels of tocopherol, fed as synthetic 
a-tocopherol * or as d-a-tocopherol acetate.° In the tests with 


* Merck. 
‘Kindly furnished by Merck and Company. 
5 Kindly furnished by Distillation Products, Ine. 
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males there were 6 rats per group, while in the tests with 
females the number was increased to 8 per group. The experi- 
ments were continued for 8 weeks following depletion, during 
which time the supplements were administered and the growth 
of the rats was recorded. 

The linoleate supplements * were given orally three times 
weekly. The lower doses of linoleate were diluted to 0.1 ml 
with ethyl laurate, while the 100 mg per day dosage was made 
up to 0.3ml. The supplements were kept in a deep-freeze 
between the feedings. The tocopherol supplements were given 
three times a week on the same days as the linoleate but in sepa- 
rate solutions, as a component of the vitamin supplement. 
According to Hove and Harris (’46), the interrelationship 
between essential acids and tocopherol is still maintained 
when such a procedure is employed. 


RESULTS AND DISCUSSION 


Table 2 records the experiments with male rats, while the 
tests on female rats are summarized in table 3. 

There is no indication, on the basis of our experiments, that 
an interrelationship exists between the linoleate intake and 
the tocopherol requirement in either male or female rats. 
This failure to demonstrate a correlation between the response 
to the essential acids and the tocopherol intake was noted 
not only at low levels of linoleate (5 and 20mg per day), at 
which levels Hove and Harris (’46) have suggested that the 
interrelationship is operative, but also a high level (100 mg/ 
day) of linoleate supplementation. 

At the lowest level of linoleate feeding (5 mg), the average 
gain in weight for the male rats without tocopherol was 
19.0 gm; this was practically identical with the value (18.0 gm) 
found when 0.50 mg of a-tocopherol was given daily. In the 
female rats the corresponding figures were 18.2 gm without 
tocopherol and 21.0 gm with 1.0 mg of tocopherol per day. 


* Methyl linoleate was obtained from the Hormel Foundation. 
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At the intermediate dosage of linoleate a similar result 
was noted. In the male rats the average gains in weight were 
60.5 gm without tocopherol as contrasted with 61.3 gm when 
0.50 mg of a-tocopherol was given. In the tests with female rats 
receiving a like amount of linoleate, the increases in weight 


TABLE 2 


The average gain in weight of male rats previously depleted of fat when fed 
linoleate at 0, 5,20, or 100 mg daily over a period of 8 weeks, 
without or with a-tocopherol 


(6 rats per group) 


GAINS IN WEIGHT AFTER AVERAGE 





DAILY DOSAGE 











cnove oPturvumatare “7Maan oor “Totuawingtamiobeon Toni 
NO FOR SAME 
; Methyl Tocoph- Start End 3 6 . LINOLEATE 
linoleate erol e weeks weeks weeks DOSAGE 
1 0 0 185.1 179.1 — 2.3 2.7 —6.0 
2 0 1.0 172.2 165.2 14 —2.0 —7.0 — 6.5 
3 5 0 200.5 219.5 12.6 14.0 19.0 
4 5 0.05 183.8 204.8 8.3 15.8 21.0 
5 5 0.25 180.2 202.5 11.6 14.0 22.3 
6 5 0.50 179.1 197.1 — 6.8 11.7 18.0 20.1 
7 20 0 183.6 244.1 28.1 47.0 60.5 
S 2 0.05 179.5 230.5 21.0 40.0 51.0 
9 20 0.25 194.6 261.1 24.1 47.8 66.5 
10 20 0.50 191.1 252.4 28.3 43.5 61.3 59.8 
11 100 0 188.5 260.5 40.0 64.4 72.0 
12 100 0.05 186.8 247.6 27.6 46.6 60.8 
13 100 0.25 201.6 267.3 32.0 55.2 65.7 
14 100 0.50 192.3 269.6 42.3 68.0 77.3 





15 100 1.00 190.6 250.2 34.0 47.6 60.2 68.9 


were 54.1 and 49.4 gm, respectively, for the groups without and 
with the higher dose of tocopherol (1 mg daily). 

Moreover, at the highest dosage of linoleate (100mg per 
day), there was likewise no indication that tocopherol aug- 
ments the response to linoleate. In the tests with the male 
rats the average weight gain recorded was 72.0 gm after 8 
weeks when no tocopherol was fed, while the mean values 
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varied from 60.2 to 77.3 gm in the 4 series of tests in which 
tocopherol was given at levels ranging from 0.05 to 1.0 mg 
per day. The female rats which did not receive tocepherol 
gained 47.6 gm in the 8-week period, while the comparable 
group receiving the highest tocopherol intake (3 mg daily) 
showed a weight gain of 49.4 gm for the test period. 


TABLE 3 


The average gain in weight of female rats previously depleted of fat when fed 
linoleate at 0, §, 20 or 100 mg daily over a period of 8 weeks without 
other supplements or with tocopherols 


(8 rats per group) 





DAILY DOSAGE 
OF SUPPLEMENTS 





AVERAGE BODY 


GAINS IN WEIGHT 
AFTER FOLLOWING 
PERIODS ON 





— Methyl ts ren. ; WEIGHT ote _ SUPPLEMENTS re 
lino- Tocoph- ren Start End 3 6 8 
leate erol acetate weeks weeks weeks 

mg mg mg gm gm gm gm gm 

6 0 0 146.1 150.2 — 2.0 — 3.0 4.1 
17 0 1.0 0 143.0 144.6 2.0 1.0 1.6 
18 5 0 0 147.7 165.9 5.7 12.4 18.2 
19 5 0.25 0 151.6 169.1 8.6 11.3 17.5 
20 5 1.0 0 145.6 166.1 8.4 14.2 21.0 
21 20 0 0 147.7 201.8 28.6 46.1 54.1 
22 20 0.25 0 151.3 202.9 27.0 43.0 51.6 
23 20 1.0 0 151.7 201.1 25.6 39.5 49.4 
24 20 0 0.25 143.4 189.0 21.8 33.0 45.6 
25 20 0 1.0 154.1 197.0 19.6 33.2 42.9 
26 100 0 0 155.6 203.2 28.0 44.6 47.6 
27 100 0.25 0 160.2 218.8 32.6 48.7 58.6 
2 100 1.0 0 146.1 203.5 30.8 48.0 57.4 
29 100 3.0 0 150.9 200.3 26.9 39.1 49.4 


AVERAGE 
TOTAL IN- 
CREASE FOR 
SAME 
LINOLEATE 
DOSAGE 


gm 


2.8 


18.9 


48.7 





Although some variations in response were noted for the 
several levels of tocopherol intake in any one series, they were 
minimum. It should be noted that the response of the rats on 
the highest tocopherol dosage almost exactly paralleled in 
all cases that of the animals on the tocopherol-free regimen. 
Moreover, the form in which the tocopherol was administered 
would not appear to account for the failure to note any inter- 
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relationship between linoleate and tocopherol. The growth 
response of female rats receiving 20mg of linoleate daily 
with 0.25 or 1.0mg of d-a-tocopherol acetate was actually 
somewhat less than that obtained without tocopherol. 

The proof that the animals were satisfactorily depleted of 
fat, and that the diet was fat-free, was afforded by the control 
tests. No appreciable change in weight was noted in either 
of the two groups of male controls or in any of the three 
groups of female controls over the entire 8-week interval. 
The administration of a-tocopherol] at a relatively high level 
(1.0mg/day) did not have any effect upon this response in 
either the male or the female control series. 

There are several differences between our technic and that 
of Hove and Harris (’46) which may have a bearing on the 
discrepancies in results. In the first place, the animals used 
were from different sources. Secondly, the dietary regimen 
for the depletion period varied, in that we employed 0.1 mg 
daily of a-tocopherol during this interval, while Hove and 
Harris (’46) did not include this substance in their diet. 
Moreover, the diet of Hove and Harris differed from that 
which we used in that different salt mixtures were employed 
and several vitamins which may have some importance in 
fat metabolism (biotin, folic acid, and vitamin K) were absent 
from their diet. However, our experimental procedures were 
satisfactory, as is indicated by the fact that the control groups 
gave the expected response, while a graded increment in 
growth occurred with increased levels of linoleate supplemen- 
tation. 

There is still some question as to what level of a-tocopherol 
is an optimum one for the growth of rats. Mason (40) has 
stated that 0.75 mg/100 gm of food (less than 0.1 mg per day) 
is sufficient to protect the male and female rat from sterility. 
In summarizing the various data on vitamin E requirements 
in the rat, Brown and Sturtevant (’49) concluded that 0.3 mg 
per day is the optimum dosage of a-tocopherol for the growing 
rat. The usual level of tocopherol supplementation employed 
by Hove and Harris (’46) was 0.5 mg per day, although posi- 
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tive results were likewise obtained when 0.25 mg was used. 
In our own experiments, a-tocopherol was given, without aug- 
mentation in growth, in amounts as high as 0.5 to 1.0 mg, while 
in the tests with 100 mg of linoleate, using female rats, it was 
also administered in a dose of 3 mg daily. 

The question of whether a difference in tocopherol require- 
ment accounts for the variations in linoleate response be- 
tween male and female rats has been answered in the negative. 
Moreover, our experiments would seem to indicate that there 
is no interrelationship in either sex between the linoleate and 
the tocopherol requirement of rats. 


SUMMARY 


No interrelationship between linoleate and tocopherol re- 
quirements could be demonstrated in either male or female 
rats, as indicated by the growth response of fat-depleted ani- 
mals receiving a fat-free diet. 

These results indicate that a-tocopherol is not the limiting 
factor responsible for the sex differences in linoleate require- 
ment reported earlier for the rat. 
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The minimum protein requirement for growth, reproduction 
and lactation in the rat subsisting on certain rice-beans-casein 
diets has been reported (Goettsch, ’48, ’49). Protein was 
apparently the limiting factor in the diets, and methionine 
the limiting amino acid. In order to compare the maintenance 
needs with those for growth and reproduction, observations 
were made on the minimum protein requirement for mainte- 
nance of body weight for 28-day periods in the adult rat, using 
the same source of protein. 

The comparative efficiencies of proteins for maintenance in 
the adult rat have been investigated by Osborne and Mendel 
(’14a, b, ’15a, b, ’16, 19), McCollum and Davis (715) and Me- 
Collum and Simmonds (’17). Evidence was presented (Os- 
borne and Mendel, ’19) that the proteins of the wheat endo- 
sperm are approximately as valuable for the maintenance of 
rats as the proteins of the whole wheat kernel, although in 
growth-promoting properties they are inferior. Osborne and 
Mendel (’15a) devised a method in which the protein content 
of the food was successively altered until the body weight 
was maintained at a constant level for periods of not less 
than three weeks. They recorded wide variations among in- 


1A cooperative project with the Agricultural Experiment Station of the Uni- 
versity of Puerto Rico. 
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dividual rats and concluded that small differences between 
proteins were not distinguished by the method. 

Recently the quantitative requirements for the 9 amino 
acids indispensable for maintenance of weight, appetite and 
nitrogen equilibrium of the adult well-nourished male albino 
rat have been measured by Benditt, Woolridge, Steffee and 
Frazier (’50). There was reasonable agreement with the mini- 
mum essential amino acid requirements for man as determined 
by Rose (’49). These results are in accordance with the earlier 
observations of Wolf and Corley (’39) but not with those of 
Burroughs, Burroughs and Mitchell (’40), who found that, of 
the amino acids essential for growth in the rat, only 5 are 
needed by the adult for the replacement of endogenous losses 


of nitrogen. 
EXPERIMENTAL 


Diets 


Dietary protein was supplied by a mixture consisting of 
polished rice, 56.4 parts; red kidney beans, 28.2 parts; and 
crude casein, 15.4 parts. The rice was ground but not cooked. 
The beans were soaked, cooked, dried and ground. Upon 
analysis the mixture contained 3.44% total nitrogen (TN), 
casein furnishing 57% of the crude protein. The maintenance 
diets ranged in TN concentration from 1.4 to 0.8% (wet 
weight basis) at intervals of about 0.07%. All of the diets 
contained, in addition to the rice-beans-casein mixture, the 
following ingredients: 20 gm salt mixture (Hawk and Oser, 
31) ; 10 gm cod liver oil; 0.5 mg thiamine HCI; 0.5 mg pyrid- 
oxine HCl; 2.0 mg riboflavin ; and sufficient cornstarch to make 
1kg. In the later feeding trials, 1 mg pt-a-tocopherol acetate 
per rat per week was given to males to prevent testicular 
degeneration. 

Isocaloric diets were prepared by substituting 15% lard 
for cornstarch. The diets contained approximately 3.4 Cal. 
per gram. Proximate analyses of the diets were made oc- 
casionally and there was good agreement between the calcu- 
lated and observed values. 
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Procedure 


The rats were housed separately upon screens in small 
cages. They were weighed daily. Food consumption was meas- 
ured. A few rats that failed to eat the diets readily were 
discarded. 

Adult rats in a good state of nutrition were given a rice- 
beans-casein diet containing 1.5% TN for 6 weeks. After 
this period of stabilization, the 1.39% TN diet was offered and 
food consumption measured. If there was a gain in body 
weight of 5 gm in a week or less, the diet was changed to one 
containing 1.33% TN. The nitrogen content of the diet was 
gradually decreased until a level was reached at which there 
was no change in the body weight of the rat. If the body 
weight remained constant + 5gm for a week, the diet was 
given for an additional three weeks. At the end of the period 
of 28 days the protein concentration of the diet was again 
lowered. Frequently there was an immediate gain or loss in 
weight with maintenance of constant body weight at a new 
level, accompanied by alterations in the amount of food con- 
sumed. Determinations were then made for a second 28-day 
period. The gradual reduction in dietary protein was con- 
tinued for as many periods as necessary until the rat lost 
more than 5 gm body weight in a week, at which time it was 
sacrificed. 

In later trials it was observed that essentially the same re- 
sults were obtained in 14-day periods as in 28-day periods, 
and the shorter periods were then adopted. 


RESULTS AND DISCUSSION 


‘‘True’’ digestibility and biological value 


Since ‘‘true’’ digestibility and biological value are influ- 
enced by factors such as the size of the animal (Sumner, ’38) 
and the level of protein feeding (Mitchell, ’24), the coefficients 
were determined in rats under the conditions of the present 
experiment. Determinations were made by a modified metabo- 
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lism method (Mitchell and Carman, ’26; Goyco and Asenjo, 
47) with 9 adult male rats, in which the body weight had been 
maintained constant for 6 weeks on a rice-beans-casein diet 
containing 1.16% TN. The same diet was given during the 
first metabolism period of 7 days. There was no change in 
the body weight of the rats. The second and 5th metabolism 
periods of 7 days each, with a preliminary period of three 
days on the diet, were standardization periods on a low-N diet; 
during the third and 4th periods the rats received rice-beans 
diets not pertinent to the present discussion. 

Computations of the coefficient of ‘‘true’’ digestibility and 
of biological value are summarize * in table 1. Wide variations 
among individuals were noted. ° ier the given experimental 
conditions the ‘‘true’’ digestibility appeared to be higher and 
the biological value lower in adult rats that were maintaining 
body weight than in young animals (Goettsch, ’48), but the 
values for the utilization of protein were similar. 

It will be seen in table 1 that during the metabolism period 
when they were maintaining body weight, the rats were in 
positive N balance of approximately 15 mg N per day. 


Minimum protein consumption for maintenance of 
body weight 


Rats were able to maintain body weight for at least 6 
months without obvious physical changes, except those as- 
sociated with aging. Younger animals appeared to be more 
active than the older ones. In females, estrus occurred regu- 
larly at intervals of 4 to 6 days. A few rats died with evi- 
dence of lung infection. The typical testicular degeneration 
of vitamin E deficiency occurred in some of the rats that 
were observed for longer periods of time and were not re- 
ceiving a-tocopherol. There were no gross lesions of massive 
hepatic necrosis such as appear rapidly with certain low pro- 
tein diets in young rats deprived of vitamin E (Goettsch, 


48, °51). 
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Data on the daily N and caloric intakes, expressed in relation 
to body weight and to body surface, are presented in tables 2 
and 3. There was wide variation among individual rats. A 
few rats maintained body weight at one protein concentration, 
gaining at a higher level and losing at a lower one. Others 
maintained constant body weight on diets in which the N 
concentration differed by nearly 0.3%. In the latter, the mini- 


TABLE 1 


Coefficients of ‘‘true’’ digestibility and biological value 
of the N of the rice-beans-casein diets 





MEAN OF 9 DETERMINATIONS 


(a) TN* of diet, % ‘ 1.16 





Body weight, initial, gm 193 

Body weight, final, after 7 days, gm 195 
(b) Daily food intake, gm 10.0 
(ec) Daily food N, mg (a X b) 115.9 
(d) Daily feeal N, mg 29.0 
(e) Daily ‘‘metabolic’’ N/gm food, mg 1.4 
(f) Daily ‘‘metabolic’’ N in feces, mg (b X e) 13.9 
(g) Daily food N in feces, mg (d—f) 15.1 
(h) Daily food N absorbed, mg (e—g) 100.8 
Coefficient of ‘‘true’’ digestibility (h/e X 100) 87.0 
(i) Daily N in urine, mg 71.7 
(j) Daily ‘‘endogenous’’ N/100 gm body weight, mg 22.6 
(k) Daily ‘‘endogenous’’ N in urine, mg (j X mean body wt.) 43.8 
(1) Daily food N in urine, mg (i—k) 27.9 
(m) Daily food N retained, mg (h—1) 72.9 
Biological value (m/h X 100) 72.3 
Net utilization of protein: ‘‘True digestibility’’ X biological value 62.9 





* Total nitrogen. 


mum protein requirement for the maintenance of body weight 
apparently decreased in successive periods. However, the 
minimum N consumption did not necessarily occur on the diet 
of lowest protein concentration which maintained body weight. 

As is shown in table 3, the minimum protein consumption 
for maintenance of body weight for 28-day periods in 47 rats 
was 53.4 mg N per 100 gm body weight. This value did not dif- 
fer significantly from that observed during all periods of body 
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weight maintenance, the mean value for 100 periods being 
55.2 mg N daily per 100 gm body weight. It was influenced 
neither by sex nor by alterations in the fat content of the 
isocaloric diets. The requirement was apparently increased in 
younger animals of 50 to 160 gm body weight. 


TABLE 2 


Daily N and caloric intake of rats on rice-beans-casein diets during 28-day 
periods of constant body weight 





BODY WEIGHT 





MBEAN DAILY INTAKE 





per 100 gm body weight 








RAT SEX a Gain DIETARY N 
Initial (+ 5 gm) Food . Cal. 
: (calculated) 

gm : % gm mg number 
i M 281 +? 1.39 15.6 77 19 
314 0 1.33 12.5 53 14 
312 — 1.27 11.2 46 12 
2 M 252 + 1.39 13.1 72 18 
273 0 1.33 12.0 58 15 
269 0 1.27 12.5 59 16 
267 a 1.20 10.8 48 14 
3 M 211 + 1.33 11.6 73 19 
225 0 1.27 10.2 58 16 
211 0 1.20 9.2 52 15 
216 0 1.13 10.1 53 16 
224 0 1.06 10.8 51 16 
222 0 0.99 10.4 46 16 
222 — 0.93 10.0 42 15 
4 M 138 + 1.13 9.5 78 24 
152 0 1.06 8.6 60 19 
162 0 0.99 9.9 61 21 
160 0 0.93 9.3 54 20 
160 0 0.86 10.2 55 22 
160 —_ 0.80 9.5 48 20 
5 F 160 we 1.13 9.1 65 19 
171 0 1.06 8.9 55 18 
172 0 0.99 9.1 52 18 
173 —_— 0.93 8.6 43 16 





* The duration of periods of gain or loss in weight was 7 days or less. 
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The mean value is equivalent to 23.4 ( ***4%825*7 ) me pro- 
tein per week per gram body weight, which is similar to the 
value reported by Osborne and Mendel (’19) for the protein 
of the entire wheat kernel. It is in reasonable agreement with 
the observations of Burroughs, Burroughs and Mitchell (’40). 
In their experiments with diets of amino acids, each rat of 
approximately 200 gm body weight was force-fed twice daily 
his entire ration, containing 80 to 84mg N. The caloric con- 
sumption, calculated from their data, appears to have been 
approximately 18 Cal. per 100 gm body weight. 


TABLE 3 


Daily minimum N and caloric intake of rats maintaining body weight 
for periods of 28 days on rice-beans-casein diets 





DAILY NINTAKEAND CAL. (CALCULATED) / 
PROBABLD ERROR 24 HRS. 





no. 





per ln 

ATS dy weight «Per 100 em*1 100 gm 100 

weight *™ 

‘a mg mg no. no. 
Rats of more than 160 gm 

body weight 

Males 31 §24+046 29.2+045 15 8 

Males, high-fat diets 8 55.7 29.0 18 9 

Females 8 55.2 28.2 18 9 

Totals 47 53.4+0.42 29.0+0.34 16 9 

Rats of 50 to 160 gm 
Males 12 228+045 23 11 


59.0 + 0.94 





*Surface area = Wt. % X 11.36. 


Benditt, Woolridge, Steffee and Frazier (’50) reported daily 
intakes of 5.0 gm N and 1,200 Cal. per square meter. These 
values are significantly higher than those given in table 3 of 
2.9m N and 900 Cal. per square meter. This discrepancy in 
energy consumption may be accounted for by the excessive 
caloric requirements associated with amino acid diets (Rose, 
49), but Rose has also shown that nitrogen consumption is 
not altered under these conditions. Other factors which might 
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influence the results are: (1) climate; and (2) in the present 
experiments the longer duration of the periods of stabiliza- 
tion, and of observation. 


Relation of the minimum protein requirement for 
maintenance to that for growth and reproduction 


Twelve rats maintained a constant body weight of approxi- 
mately 300 gm for 28-day periods on a rice-beans-casein diet 
containing 8.3% protein and equivalent to 3.9mg N/Cal. With 
the same source of protein the minimum protein concentra- 
tion which supported growth, reproduction and lactation in 
several generations of rats, such as that obtained on an ade- 
quate diet (Goettsch, ’48, ’°49), was 16.7% and the equivalent 
of 7.8mg N/Cal. The maintenance of body weight in 300-gm 
rats occurred with a diet in which the protein concentration 
was one-half of that needed for growth reproduction and 
lactation. 


Net protein requirement for maintenance of 
body weight 


To make allowance for the digestibility and biological value 
of the protein, the protein requirement was expressed as net 
protein. Since the net utilization of protein of the rice-beans- 
casein diet was 63, the minimum daily protein requirement 
for maintenance of body weight was 33.6 (or 53.4 « 0.63) mg 
net N per 100 gm body weight. This is equivalent to 18.3 mg 
net N per 100 cm? of body surface. Presumably it is the mini- 
mum amount of an ideal protein such as whole egg protein 
which would be needed daily for maintenance of body weight. 


Relation to the protein requirement for maintenance 
of N equilibrium 


Barnes, Bates and Maack (’46) reported that the protein 
requirement for maintenance of N equilibrium in the adult 
rat was 11.2 mg of apparently absorbed egg N per day per 














MINIMUM PROTEIN MAINTENANCE NEEDS 617 


100 em? of body surface. This value was confirmed by the data 
of Bricker and Mitchell (’47). With the rice-beans-casein diet 
the minimum net protein requirement for maintenance of 
body weight was 18.3 mg N per day per 100cm*. The differ- 
ence between the N required for maintenance of body weight 
and that required for N equilibrium seems greater than can 
be accounted for by adult growth (Mitchell, ’49), although 
the hair growth of the rat is continuous throughout life 
(Fraser, ’31). Assuming a direct relationship between pro- 
tein efficiency for maintenance of body weight and the net 
utilization of protein, it would appear that the protein re- 
quirement for maintenance of body weight in the adult rat 
is 1.6 (or 18.3/11.2) times as great as that for maintenance 
of N equilibrium. 


Relation between nitrogenous metabolism and the 
liberation of energy 


A comparison was made of the caloric requirements under 
basal conditions and during periods of maintenance of body 
weight. According to Smuts (’35), 109 Cal. per 24 hr. are 
lost per kilogram of body weight of rat during basal metabo- 
lism. As is shown in table 3, 160 Cal. per 24 hr. per kilogram 
are required for maintenance of body weight. This is ap- 
parently 1.5 (or 160/109) times the number of Calories re- 
quired for maintenance of basal metabolism, and is associated 
with such factors as muscular activity and specific dynamic 
action. 

It is evident that during periods of maintenance of body 
weight in the rat fed a minimum protein diet the ratio of in- 
gested net N to endogenous N is 1.6 and the ratio of ingested 
calories to those expended for basal metabolism is 1.5. The 
similarity of the ratios was unexpected inasmuch as the mus- 
cular activity of animals maintaining constant body weight 
would raise the caloric requirements but not that of protein. 
While the similarity of the ratios would appear to be fortu- 
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itous, it may suggest a relation between nitrogenous catabo- 
lism and the liberation of energy, during periods of mainte- 
nance of body weight in the adult rat. 


SUMMARY 


The minimum protein requirement in the adult rat for 
maintenance of body weight during 28-day periods was de- 
termined with a rice-beans-casein diet that had been employed 
to measure the minimum requirement for growth, reproduc- 
tion and lactation. The following results were obtained: 

1. The rat is in positive nitrogen balance during periods 
of maintenance of body weight. 

2. The daily minimum protein requirement for maintenance 
of body weight is approximately 53mg N per 100 gm body 
weight, regardless of sex or the fat content of isocaloric diets. 

3. A 300-gm rat maintains body weight with a diet con- 
taining about one-half as much protein per calorie as that 
needed for growth, reproduction and lactation. 

4. Since the ‘‘true’’ digestibility and biological value, de- 
termined under the conditions of the present experiment, 
were respectively 87.0 and 72.9, the daily net N requirement 
of these rats was 34 mg N per 100 gm body weight. 

5. The minimum net protein requirement for maintenance 
of body weight appears to be 1.6 times that for maintenance 
of nitrogen equilibrium, and the ratio between these require- 
ments is similar to the ratio between ingested calories dur- 
ing periods of body weight maintenance and those expended 
for basal metabolism. 
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MEAD JOHNSON AND COMPANY 
‘B-COMPLEX’ AWARD 


Nominations are solicited for the 1952 Award of $1000.00 
established by Mead Johnson and Company to promote re- 
searches dealing with the B-complex vitamins. The recipient 
of this Award will be chosen by a Jury of Award of the 
American Institute of Nutrition and the formal presentation 
will be made at the annual meeting of the Institute in the 
spring of 1952. 

The Award will be given to the laboratory or clinical re- 
search worker in the United States or Canada who, in the 
opinion of the judges, has published during the previous 
calendar year, January 1 to December 31, the most meritorious 
scientific report dealing with the field of the ‘B-complex’ vita- 
mins. While the award will be given primarily for publication 
of specific papers, the judges are given considerable latitude 
in the exercise of their function. If in their judgment circum- 
stances and justice so dictate, it may be recommended that the 
award be made to a worker for valuable contributions over an 
extended period but not necessarily representative of a given 
year. Membership in the American Institute of Nutrition is 
not a requisite of eligibility for the award. 

To be considered by the Jury of Award, nominations 
for this award for work published in 1951 must be in the hands 
of the Chairman of the Nominating Committee by January 1, 
1952. The nominations should be accompanied by such data 
relative to the nominee and his research as will facilitate the 
task of the Jury of Award in its consideration of the 


nomination. 
SamvurEt LEPKOVSKY 
University of California 
Berkeley, California 


CHAIRMAN, NOMINATING COMMITTEE 
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OSBORNE AND MENDEL AWARD 


Nominations are invited for the Osborne and Mendel Award 
of $1000.00 established by the Nutrition Foundation, Inc., for 
the recognition of outstanding accomplishments in the general 
field of exploratory research in the science of nutrition. It 
shall be given to the investigator who, in the opinion of a Jury 
of Award, has made the most significant published contribu- 
tion in the year preceding the annual meeting of the Institute, 
or who has published a series of contemporary papers of out- 
standing significance. 

The Award will be presented at the annual meeting of the 
American Institute of Nutrition. 

The recipient will be chosen by a Jury of Award of the 
American Institute of Nutrition. As a general policy, the 
Award will be made to one person. If, in the judgment of the 
Jury of Award, an injustice would otherwise be done, it may be 
divided among two or more persons. Normally preference 
will be given to research workers in the United States and 
Canada, but investigators in other countries, especially those 
sojourning in the United States or Canada for a period of time, 
are not excluded from consideration. Membership in the Insti- 
tute of Nutrition is not a requirement for eligibility and there 
is no limitation as to age. 

Nominations may be made bv anvone. Nominations for the 
1952 Award, accompanied by data relative to the accomplish- 
ments of the nominee, must be sent to the Chairman of the 
Nominating Committee before January 1, 1952. 


Henry A. MATTILL 
Department of Biochemistry 
Iowa State University 
Iowa City, Iowa 


CHAIRMAN, NOMINATING COMMITTEE 
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BORDEN AWARD IN NUTRITION 


Nominations are solicited for the 1952 Award of $1000.00 
and a gold medal made available by the Borden Company 
Foundation, Inc. The American Institute of Nutrition will 
make this award in recognition of distinctive research by in- 
vestigators in the United States and Canada which has em- 
phasized the nutritive significance of the components of milk 
or of dairy products. The award will be made primarily for 
the publication of specific papers, but the Jury of Award may 
recommend that it be given for important contributions over 
an extended period of time. The award may be divided between 
two or more investigators. Employees of the Borden Company 
are not eligible for this honor. 

The formal presentation will be made at the annual meeting 
of the Institute in the spring of 1952. To be considered for the 
award, nominations must be in the hands of the Chairman of 
the Nominating Committee by January 1, 1952. The nomina- 
tions should be accompanied by such data relative to the 
nominee and his research as will facilitate consideration for 
the award. 

Harry J. Deven, Jr. 


University of Southern California Medical School 
Los Angeles, California 


CHAIRMAN, NoMINATING COMMITTEE 
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